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The caleosin genes encode proteins with a single conserved EF hand calcium-
binding domain and comprise small gene families found in a wide range of plant 
species. In this study,Clo3, a member of caleosin family in hexaploid wheat (Triticum 
aestivum), has been shown to play an important role in signaling by both in vivo and 
in vitro analyses of its interaction with Gα, the alpha subunit of heterotrimetric GTP 
binding protein.  This interaction increased the GTPase activity of Gα by 
approximately 25%.  Eleven paralogous groups of caleosins, which comprise a total 
of thirty-four caleosin genes, have been assembled and identified using theT. 
aestivumGenBank EST database and ten gene family members were assembled from 
Secale cereale 454-cDNA sequences. The analysis of caleosin gene expression was 
assayed by RNA-Seq analysis of 454 sequence sets and members of the gene family 
were found to have diverse patterns of gene expression in the nine tissues that were 
sampled in rye and in triticale,a synthetic polyploid species derived from 
durumwheat(Triticum turgidum) and rye (Secale cereale). 
The impact of the polyploidization event on rye genes in the triticale 
background was investigated using both caleosin genes and whole transcriptome 
comparisons.  The high-throughput cDNA sequence comparison between the diploid 
rye and the hexaploid triticale detected suppression of expression of approximately 
iv 
 
2% of the rye genes surveyed in the triticale.  The expression of 23503 rye cDNA 
contigs was analyzed in 454-cDNA libraries obtained from anther, root and stem from 
both triticale and rye as well as in five 454-cDNA data sets created from ovary, 
pollen, seed, seedling shoot and stigma from triticale.  Among these, 112 rye cDNA 
contigs were found to be totally suppressed in all triticale tissues, although their 
expression was relatively high in rye tissues.  Suppressed rye genes were found to 
have strikingly low similarity to their closest BASTN matches in a current draft of the 
wheat genome available through the International Wheat Genome Survey 
Consortium, IWGSC.  The comparison of rye silenced genes to wheat database 
revealed that 89% of rye genes silenced in triticale do not have a best match in T. 
aestivum with sequence identity higher than 90%, whereas 59% of random rye contigs 
had a best hit of 90% or higher in T. aestivum.The comparisons to the draft genomes 
of Triticum.urartu, and Aegilops.tausshii, the A and D genome donors to T. aestivum, 
respectively, support the previous observation.  PCR assays found that 6 out of 10 
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Chapter 1     
INTRODUCTION 
Bread wheat (Triticum aestivum) is one of the most important cereals grown 
world-wide and is the most widely adapted major cereal crop with respect to harsh 
environmental conditions (Tardif et al., 2007).  It is among the crops that are most 
tolerant to low temperatures, with the potential to survive temperatures as low as -
21ºC after a period of acclimation, in which plants are exposed to low, non-freezing 
temperatures. It has also found to tolerate other abiotic stress conditions including 
salinity (Li et al., 2010; Houde et al., 2006) and drought (Hill et al., 2013), as well as 
biotic stress (Singh et al., 2013).The adaptation is regulated by sensing mechanisms 
triggering several cellular components to toleratethe negative impacts ofthese stresses. 
Analysis of plants has identified a large number of wheat genes that are up-regulated 
by environmental stress.  The tolerance to environmental stresses is a coordinated 
action of multiple stress responsive genes that cross talk with other components of the 
stress signal transduction pathway. Signaling proteins may have multiple functions 
that depend on their cellular context. The cell-type-specific and signaling-dependent 
functions of these proteins are often determined by their interaction partners (Hu and 
Kerppola, 2005). Ca
2+
 signaling is a critical element in the response to abiotic and 
biotic stresses and Ca
2+
 binding proteins that function as signal sensor proteins may 
regulate specific protein-protein interactions, affect downstream phosphorylation 
cascades and regulate the response to environmental cues (Kudla et al., 2010).  
Gene expression studies and microarray analyses of cold acclimation identified a 
large number of genes that are more strongly induced or repressed in cold tolerant 
winter wheat than in freezing sensitive spring wheat (Gulick et al., 2005).  The cold 




among these and subsequent yeast two-hybrid screening studies identified a protein-
protein interaction between Ta-Clo3 and a protein with high sequence similarity to the 
Gα subunit, TaGA1 (Tardif et al., 2007).  Ta-Clo3 has high sequence similarity to 
members of the caleosin gene family identified in several plant species but little is 
known about Ta-Clo3, and much less about its potential role in signaling.  
Caleosins are calcium-binding proteins encoded by small gene families in 
plants.Caleosins comprise a gene family of seven members in Arabidopsis andsix 
membersin rice.In Arabidopsis, the most highly developed model system in plants, 
insight into a possible role of caleosins in the stress response in plants has been 
reported and discussed.  The genes most similar to Ta-Clo3 in Arabidopsis are the 
RD20/At-Clo3 (At2g33380) and At-Clo7 (At1G23240) genes which are members of a 
small gene family that encodes proteins which contain single EF-hand Ca
2+
-binding 
domains.  RD20 was first characterized as a drought-induced gene. It was shown to 
bind Ca
2+
 and to be expressed in aerial tissues, especially in leaves and flowers. RD20 
was also induced by dehydration, salt, ABA and cold treatments (Takahashi et al., 
2000; Fujita et al., 2004).  
The second chapter of this thesis characterizes the interaction of Ta-Clo3 and 
wheat Gα, Ta-GA3, as well as with the phospholipase C, PI-PLC1. Both in vivo and 
in vitro interactions have been characterized between pairwise combinations of the 
three proteins.In addition, we have found that the GAP activity of Clo3 towards GA3 
suggests it may play a role in the inactivation of GA3 as part of the stress response in 
plants. Three-way affinity characterizations with GA3, Clo3 and PI-PLC1 showed the 
interaction with Clo3 to be competitive with PI-PLC1, which suggests that Clo3 may 
play a role in the Ca
2+




The third chapter of this thesis is on the characterization of the caleosin gene 
family in the Triticeae. This study characterized the diversity of the caleosin gene 
family in order to facilitate anunderstanding ofthe diverse roles of these proteins in 
signaling and regulation.In this investigation, we reporta description of the whole 
gene family in hexaploid wheat and diploid rye based on analysis of high-throughput 
cDNA sequencing data sets. The expression profiles of the caleosin genes in rye and 
triticale tissues werealso compared. Gene expression was assayed by RNA-Seq 
analysis of 454 sequence sets and members of the gene family were found to have 
diverse patterns of gene expression in the tissues that were sampled in rye and in 
triticale. Interestingly, the comparison of gene expression between rye and the 
polyploid triticale indicated that the pattern of expression of several caleosin genes 
from the rye genome was altered in the polyploid triticale. 
The fourth chapter of this thesis is a global analysis of the effect of 
polyploidization on rye gene expression through comparing expression patterns in the 
rye parent to that of the allopolyploid triticale.Triticale is a recent man-made 
polyploid that parallels the generation of bread wheat except that it has rye (Secale 
cereale)as one of its progenitors and T. turgidum as the other.  The synthetic hybrid 
was first developed in the early part of the 20
th
 century, and is a useful model for 
characterizing the alterations in gene expression that resulted from rapid changes in 
genome structure and gene regulation soon after polyploidization.   
Second generation DNA sequencing methods were used to compare gene 
expression profiles between rye and triticale in different plant tissues.  Before the 
advent of Illumina, 454 and Solexa sequencing,researchers used other methods of 
global gene expression profiling, including cDNA-AFLP and microarrays, to compare 




al.,2002; He et al., 2003; Adams et al., 2004; Wang et al., 2004; Xu et al., 2009). The 
limitation of cDNA-AFLP is that the detection of the expression level is qualitative, 
so it will generally detect homeologous genes that have large differences in 
expression and will underestimate differences relative to more quantitative measures. 
Microarray studies that compare the relative expression levels between genes 
duplicated by polyploidy in wheat (Pumphrey et al., 2009; Akhunova et al., 2010), 
cotton (Hovav et al., 2008; Rapp et al., 2009) and Brassica (Gaeta et al., 2009) 
generally reported a higher fraction of differentially expressed homeologs. Because of 
the quantitative nature of microarrays, the analysis parameters such the number of 
replicates used in the experiments, the fold-change threshold cut-off, and P-value cut-
off, will influence the percentage of the genes that are reported to show differential 
expression. In addition, microarrays including the short oligonucleotide arrays of 
Affymetrix arrays may not be completely discriminating between highly similar 
sequences; mismatching short oligonucleotide probes may still cross hybridize to the 
homeologs but at a reduced level and thus the quantification may not be accurate.  In 
contrast, estimating gene expression using second generation high-throughput DNA 
sequencing techniques offers the advantage of increased accuracy of transcript 
identification directlyfrom the sequence rather than by DNA or RNA hybridization, 
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Chapter 2 Heterotrimeric Gα subunit from wheat (Triticum aestivum), 
GA3, interacts with the calcium-binding protein, Clo3, and the 
phosphoinositide-specific phospholipase C, PI-PLC1 
2.1.   Outline and contribution of colleagues 
Chapter 2 characterizes the in vivo and in vitro protein–protein interactions 
between the T. aetivumheterotrimeric Gα subunit, GA3, the calcium-binding protein, 
Clo3 and the phosphoinositide-specific phospholipase C, PI-PLC1. The canonical Gα 
subunit of the heterotrimeric G protein complex from wheat (Triticum aestivum), GA3, 
and T. aestivum Clo3, were shown to interact both in vivo and in vitro and Clo3 was 
shown to enhance the GTPase activity of GA3.  The GAP activity of Clo3 towards 
GA3 suggests that it may play a role in the inactivation of GA3 as part of the stress 
response in plants. Three-way affinity characterizations with GA3, Clo3 and PI-PLC1 
showed the interaction with Clo3 to be competitive, which suggests that Clo3 may 
play a role in the Ca
2+-
triggered feedback regulation of both GA3 and PI-PLC1. Most 
of the findings described were published in Plant Molecular Biology (Khalil et al., 
2011). I am the first author of this publication. I have participated in the experimental 
design and writing the manuscript. All in vitro protein-protein interaction experiment 
was performed by me. I have also cloned PI-Plc genes to study their subcellular 
localization using tobacco as a plant model and to investigate their interaction with 
both GA3 and Clo3 in vivo and in vitro. All of the microcopy which demonstrates the 
in vivo protein-protein interactions and the protein subcellular localizations presented 





2.2.   Abstract 
The canonical Gα subunit of the heterotrimeric G protein complex from wheat 
(Triticum aestivum), GA3, and the calcium-binding protein, Clo3, were revealed to 
interact both in vivo and in vitro and Clo3 was shown to enhance the GTPase activity 
of GA3. Clo3 is a member of the caleosin gene family in wheat with a single EF-hand 
domain and is induced during cold acclimation. Bimolecular Fluorescent 
Complementation (BiFC) was used to localize the interaction between Clo3 and GA3 
to the plasma membrane (PM). Even though heterotrimeric G-protein signaling and 
Ca
2+
 signaling have both been shown to play a role in the response to environmental 
stresses in plants, little is known about the interaction between calcium-binding 
proteins and Gα. The GAP activity of Clo3 towards GA3 suggests it may play a role 
in the inactivation of GA3 as part of the stress response in plants. GA3 was also 
shown to interact with the phosphoinositide-specific phospholipase C, PI-PLC1, not 
only in the PM but also in the endoplasmic reticulum (ER). Surprisingly, Clo3 was 
also shown to interact with PI-PLC1 in the PM and ER. In vitro analysis of the 
protein–protein interactions showed that the interaction of Clo3with GA3 and PI-
PLC1 is enhanced by high Ca
2+
levels. Three-way affinity characterizations with GA3, 
Clo3 and PI-PLC1 showed the interaction with Clo3 to be competitive, which 
suggests that Clo3 may play a role in the Ca2
+
-triggered feedback regulation of both 
GA3 and PI-PLC1. This hypothesis was further supported by the demonstration that 




2.3.   Introduction 
Heterotrimeric GTP-binding proteins (G proteins) are involved in multiple 
signaling pathways in plants and animals initiated through G-protein-coupled 
receptors (GPCR). The G protein complex is composed of three subunits, Gα, Gβ and 
Gγ. In animals the genes encoding these subunits comprise gene families; for example, 
the human genome has 23 Gα, 6 Gβ, and 12 Gγ encoding genes. In contrast, plant 
genomes contain relatively few heterotrimeric G proteins, with the Arabidopsis 
genome encoding one Gα, one Gβ and two Gγ subunits. In addition, there are 37 
genes encoding regulator of G-protein- signaling (RGS) proteins and about 800 genes 
with significant sequence similarity to GPCRs (Jones and Assmann, 2004). G-protein 
signaling has been implicated in the plant response to pathogens (Blumward et al., 
1998), light (Lapik and Kaufman, 2003), high salinity, drought (Misra et al. 2007), 
hypoxia and ethylene signaling (Steffens and Sauter,, 2010), and in signaling 
pathways regulated by jasmonic acid (Okamoto et al. 2009), gibberellin (Ullah et al., 
2003) and abscisic acid (ABA) (Ritche and Gilroy 2000; Wang et al. 2001; Pandey et 
al. 2006). In the classical model of heterotrimeric G-protein signaling, the receptor G-
protein complex transmits signals through guanine nucleotide exchange and 
hydrolysis at the inside surface of the cell membrane. In the inactive state, Gα tightly 
binds the Gβγ subunits and a G-protein-coupled receptor (GPCR). When a ligand 
activates the GPCR, G proteins bound to the GPCR undergo conformational changes. 
The Gα subunit exchanges GDP for GTP, which results in the dissociation of the Gα 
subunit from the Gβγ dimer and GPCR. Gα-GTP and the Gβγ dimer can then activate 
downstream signaling cascades and effectors. The hydrolysis of the bound GTP to 
GDP by the GTPase activity of Gα allows the reconstitution of the inactive 




Gα was found to have a high intrinsic GDP/GTP exchange rate that was predicted to 
favor a free GTP-bound resting state which suggests that GTPase activating proteins 
(GAPs) would play a critical role in the regulation of Gα-signaling (Johnston et al. 
2007). The GAP activity of Arabidopsis RGS1 in association with GPA1 supports this 
notion, and is hypothesized to shift the G protein to a GDP-bound state (Chen, 2008; 
Jones et al., 2011). The low number of genes encoding G proteins in plant genomes 
suggests that the multiplicity of signaling associated with G proteins is modulated 
through multiple interacting proteins, and it is likely that other GAPs exist in plants 
that are not part of the RGS-protein family. One such protein, PLDα1, in spite of its 
lack of anRGS-box, was shown to have GAP activity with the Arabidopsis GPA1 
(Zhao and Wang, 2004). The role of effector proteins associated with Gα is an 
important area of research and the number of identified interacting proteins is growing. 
To date, five upstream G-protein-coupled receptors have been shown to interact with 
the Gα subunit, AtGCR1 (Pandey and Assmann, 2004), AtRGS1 (Chen et al., 2006), 
the pea GPCR (Misra et al. 2007), and two GPCR-type G proteins, GTG1 and GTG2 
(Pandey et al., 2009). There are also few known downstream effectors of the plant Gα 
subunit. The Arabidopsis Gα (GPA1) interacts with Atpirin1, a cupin domain protein, 
which regulates seed germination and seedling development (Lapik and Kaufman, 
2003), phospholipase D (PLDα1) (Zhao and Wang, 2004), prephenate dehydratase 
protein (PD1) (Warpeha et al., 2006), and the plastid protein thylakoid formation 1 
(THF1) (Huang et al., 2006). Gαhas  been shown to interact with phospholipase A2 
(PLA2) in Eschscholzia californica (Heinze et al., 2007) and phospholipase C in 
Pisum sativum (Misra et al., 2007).  
Bread wheat (Triticum aestivum) is one of the two major cereals worldwide 




(Tardif et al., 2007). It is among the few crops that are tolerant to low temperatures, 
with the ability to survive at temperatures as low as -21°C expression studies and 
microarray analyses of cold acclimation identified a large number of genes that were 
more strongly induced or repressed in cold tolerant winter wheat than in freezing 
sensitive spring wheat (Gulick et al., 2005; Monroy et al., 2007). A cold acclimation-
induced calcium binding protein, Clo3, formerly J900, was identified among these 
and subsequent yeast two-hybrid screening studies identified a protein–protein 
interaction between Clo3 and a protein with high sequence similarity to the Gα 
subunit, GA1 (Tardif et al., 2007). This suggested that the Gα protein may be 
involved in signaling pathways regulating cold acclimation. This was one of the first 
reports of a protein–protein interaction between a plant Gα and calcium-binding 
protein. Little is known about Clo3, and much less about its potential role in signaling. 
Its closest homologs in Arabidopsis are RD20/AtClo3 (At2g33380) and AtClo7 
(At1G23240), which are members of a small gene family that contains single EF-hand 
Ca
2+
 binding domains. RD20 was first characterized as a drought-induced gene that 
was shown to bind Ca
2+.
 It was expressed in aerial tissues, mainly in the leaves and 
flowers. RD20 was also induced by dehydration, salt, ABA and cold treatments 
(Takahashi et al., 2000; Fujita et al., 2004).  
In animal systems, activated Gα proteins are known to activate effector 
enzymes including phosphoinositide-specific phospholipase C (PI-PLC), which 
cleaves the phosphodiester bond of phosphatidylinositol 4,5-bisphosphate (PIP2) in 
the inner leaflet of the plasma membrane (PM), releasing inositol triphosphate (IP3) 
and diacylglycerol (DAG). IP3 is a primary effector of calcium release, interacting 
with receptors on intracellular calcium storage sites to release calcium into the 




suggests that similar signaling also functions in plants. The PI-PLCs identified in 
plants are closely related to mammalian PLCδ (Munnik et al., 1998); they contain the 
two subdomains, X and Y, that are necessary for phosphoesterase activity and a 
calcium-binding C2 domain. PI-PLCs have been shown to play a role in signaling 
involved in disease resistance in tomato (Vossen et al., 2010). Misra et al. (2007) 
demonstrated that PLCδ functions as an intracellular signaling enzyme for the Gα-
subunit of pea (Pisum sativum), and that Gα interacts with the calcium-binding C2 
domain of the pea PLCδ.  
Signaling proteins may have multiple functions that depend on their cellular 
context. The cell-type-specific and signaling-dependent functions of these proteins are 
often determined by their interaction partners (Hu and Kerppola, 2005). Ca
2+
 plays a 
critical role in abiotic and biotic responses, and Ca
2+
-binding proteins that function as 
signal sensor proteins may regulate specific protein–protein interactions, affect 
downstream phosphorylation cascades and regulate the response to environmental 
cues (Kudla et al., 2010).  
The present study was conducted to characterize in vivo and in vitro protein–
protein interactions between the wheat heterotrimeric Gα subunit, GA3, the calcium-




2.4.   Materials and Methods 
Plant materials and growth conditions 
Tobacco seeds (Nicotiana benthamiana) were germinated in 10 cm pots in a 
potting mixture with equal volumes of peat moss, vermiculite and soil. The plants 
were grown for2–4 weeks in the greenhouse with supplemental light to extend the day 
length to 16h light/8h dark at 20
o
C. 
Ga3, Clo3, Pi-Plc1 and Pi-Plc2 full length cDNA cloning and expression clones 
The full length cDNA clone of Ga3-CS, from wheat cultivar Chinese Spring, 
encoding the Gα subunit of wheat was obtained from the Arizona Genomics Institute 
(AGI). This cDNA clone had a 17 bp duplication 91 nucleotides upstream of the 
normal stop codon. The intact version of the Ga3 cDNA was generated by combining 
the 358 nucleotides of the 3‘end of the cDNA PCR-amplified from a cDNA library of 
cultivar Norstar and 1027 nucleotides from the 5‘end of the Ga3-CS cDNA. Gene-
specific primers for the cloning are listed in Supplemental Table S1. A full-length 
Clo3 cDNA, from the T. aestivum cultivar Norstar, was obtained from the Functional 
Genomics of Abiotic Stress (FGAS) cDNA clone collection (Houde et al., 2006). The 
partial cDNA clone of PI-Plc1 corresponding to GenBank EST accession GI: 
55684870, also from the FGAS clone set, had a 1192 nucleotide ORF, but lacked its 5’ 
end. The 5’ end of the cDNA was cloned from a cDNA library by PCR amplification 
using gene-specific and vector-specific primers (Supplemental Table S1) and two 
rounds of cloning were carried out to obtain the missing portion of the cDNA. The 
full ORF of PI-Plc1 was subcloned into pDONR207 by Gateway
®
 BP clonase II 
Enzyme mix (Invitrogen) and subsequently transformed into the TOP10 E. coli strain. 
The coding regions of Ga3, Ga3
Q223L




hand, Pi-Plc2∆C2 and C2 domain of Pi-Plc2 were cloned as fusions with fluorescent 
proteins in plant expression vectors using the Gateway
®
 cloning system (Invitrogen). 
Gateway
®
LR reactions wereused to transfer the inserts of the entry clones of Ga3, 
Ga3
Q223L
, Ga3-CS, Clo3, Pi-Plc 1, Pi-Plc 2, Pi-Plc∆EFhand Pi-Plc2∆C2 and C2 
domain to the plant destination binary vector, PK7FWG2, to generate enhanced Green 
Fluorescent Protein (eGFP) C-terminal fusions. They were also transferred to BiFC 
binary Yellow Fluorescent Protein (YFP) vectors, pBatL-B-sYFP-N and pBatL-B-
sYFP-C. 
For protein expression in E. coli, PI-PLC1 and Clo3 were cloned in pDEST17, 
a Gateway
®
 vector with a 6-His-tag N-terminal fusion (Invitrogen). PI-PLC1 was also 
cloned into pDEST15, a Gateway vector with a GST N-terminal fusion. Ga3 was 
amplified using a pair of primers, digested with BamHI and SalI (Supplemental Table 
S1) and directionally cloned into a modified pGEX-2T, an N-terminal GST-fusion 
expression vector to which a SalI restriction site had been added. 
Agrobacterium transformation and agroinfiltration 
Electrocompetent Agrobacterium strain AGL1 was transformed with plant 
gene expression constructs as follows: overnight cultures were centrifuged at 4000 xg 
for 15 min. at 4° C and resuspended in 10 mM MgCl2 and 150 μM acetosyringone to 
an OD600 of 0.1 and incubated at  room temperature for 2 hours (Walter et al., 2004). 
The leaf infiltration suspensions were a  mixture of equal volumes of three or four 
Agrobacterium culture suspensions containing expression vectors for the experimental 
samples, the mCherry fluorescent cellular marker  proteins (Nelson et al., 2007) 
(Supplemental Table S2) and a culture expressing P19 of tomato  bushy stunt virus, to 
suppress gene silencing (Voinnet et al., 2003). The agroinfiltration solution was co-




plants. The plants were incubated in environmental growth chambers under long 
dayconditions(16h light / 8h dark)at 20º C for two to four days and subsequently 
analyzed by microscopy. 
Confocal laser scanning microscopy 
 
The epidermal tissues of tobacco leaves were examined using the Spinning 
Disk2 (SD2) confocal microscope, at The Cell Imaging and Analysis Network (CIAN) 
laboratory, McGill University. GFP was excited at a wavelength of 491 nm by the 
diode laser and the emitted fluorescence was collected through a 520/535 nm band-
pass. YFP was excited at the same wavelength laser, and the emitted fluorescence was 
collected through a 543 nm long-pass filter. The Cherry Red Fluorescent Protein 
(cRFP) was excited at a wavelength of 561 nm and the emitted fluorescence was 
collected through a 624/640 nm long-pass filter. 
In vitro protein-protein interaction between PI-PLC1, GA3 and Clo3 
For protein-protein interaction characterization and expression in E. coli, 
BL21 cells transformed with the recombinant plasmids were grown at 37
o
C with 100 
μg/ml ampicillin for 6 hours and then induced with 1 mM IPTG for 12 hours at room 
temperature. Cultures expressing GA3-GST were lysed in buffer: 50 mM Tris-HCl, 
pH 8.8, 100 mM NaCl, 2% Triton X-100, 5% Glycerol and 1 mM PMSF. The 
recombinant GA3-GST protein was purified with Glutathione Sepharose
TM
 (GE 
Healthcare Life Sciences), according to the manufacturer's protocol. Cultures 
expressing PI-PLC1-His or Clo3-His were lysed in the same buffer, centrifuged at 
12,000 xg for 15 min. and protein was recovered from the pellet by solubilization in 




Clo3 were purified using Ni-NTA Agarose (Qiagen) according to Todorova (2009) 
with some modifications: the Ni-NTA Agarose was equilibrated with the wash buffer 
containing 50 mM Tris-HCl, pH 8.8, 0.05% SDS, and 1 mM  PMSF. The protein 
sample was immobilized on the equilibrated beads, subsequently rinsed twice with 
wash buffer and then eluted with 2X SDS-PAGE buffer (100 mM Tris-HCl, pH 7.0, 
200 mM DTT, 4% (W/V) SDS, 0.2% (W/V) bromophenol blue, 30% glycerol and 
100 mM imidazole).  
The His-tag pull-down assay (Todorova, 2009) was also used to study the 
pairwise interaction among the three proteins, GA3, PI-PLC1 and Clo3. A mixture of 
50 μl of crude extract of the Clo3 or PI-PLC1 culture and 50 μl of Ni-NTA Agarose 
beads, previously equilibrated with the wash buffer (50 mM Tris-HCl, pH 8.8, 0.05% 
SDS and 1 mM PMSF), were incubated for two hours at 4° C with gentle shaking. 
The mixture was rinsed with the wash buffer, centrifuged at 2000 xg for 1 min and the 
supernatant was discarded. The Ni-NTA Agarose beads bound with PI-PLC1-His or 
Clo3-His proteins were incubated with 100 μl of GA3-GST crude E. coli lysate in 50 
mM Tris-HCl, pH 8.8, 100 mM NaCl, 2% Triton X-100, 5% Glycerol, 1 mM  PMSF 
and either 10 mM CaCl2 or 1 mM EGTA for two hours at 4° C with gentle shaking. 
Samples were centrifuged at 2000 xg, washed twice with wash buffer, then eluted in 
50 μl of 2X SDS-PAGE buffer. To assay GTP/GDP bound forms of Gα, GA3 lysate 
was pre-treated with 5 mM EDTA and 5 mM of either GDP or GTP for 10 min. 
followed by the addition of 20 mM MgCl2.  
The three-way interaction between Clo3-His, GA3-GST, and PI-PLC1-GST 
was studied  by first binding Clo3-His to Ni-NTA Agarose beads, then GTP-loaded 
GA3-GST in 50 mM Tris-HCl, pH 8.8, 100 mM NaCl, 2% Triton X-100, 5% 




to Clo3-His. Subsequently-increasing amounts of PI-PLC1-GST (in buffer: 50 mM 
Tris-HCl, pH 8.8, 0.5% SDS, 5% Glycerol, 1 mM PMSF) were added to the 
interaction mixture. Bound protein was rinsed with wash buffer and eluted with 2X 
SDS-PAGE buffer and samples were analyzed by SDS-PAGE electrophoresis on 12% 
polyacrylamide gels subsequently stained with Coomassie Brilliant Blue R-250. 
GTPase assay for GA3 and Clo3 
GA3 and Clo3 proteins were expressed in E. coli as described above. GA3-
GST was purified as described in Willard and Siderovski (2004), with modified lysis 
buffer: 25 mM Tris–HCl, pH 7.6, 100 mM NaCl, 5% Glycerol, 5 mM MgCl2, 30 µM 
AlCl3, 20 mM NaF, 5 mM PMSF, 50 µM GDP, 1 mM DTT, and 39 Complete EDTA-
free protease inhibitor (Roche) at 3 tablets/l. Subsequently, 1 mg/ml lysozyme and 20 
mM MgCl2 were added and the solution was rocked for 30 min and sonicated for 2 
min 200 mM NaCl was added, and the solution was rocked again for 30 min. The 
sample was centrifuged for 45 min at 13,000 xg and the recombinant GA3-GST 
protein was purified from the supernatant with Glutathione Sepharose
TM
 4B beads 
(GE Healthcare Life Sciences) according to the manufacturer’s protocol by incubation 
for 90 min at 4
o
 C with rocking. The matrix was rinsed twice in a chromatography 
column (Bio-Rad) with 137 mM NaCl, 2.7 mM KCl, 8.1 mM Na2HPO4, and 1.76 mM 
KH2PO4 and eluted with 25 mM glutathione, 50mM Tris–HCl, pH 8.0, and 150 mM 
NaCl. Clo3-His was isolated from a bacterial pellet from a 1-liter culture with 10 ml 
of B-PER lysis buffer (Pierce) and centrifuged at 13,000 xg for 30 min. Clo3 protein 
was purified from the supernatant using Ni–NTA Agarose (Qiagen) according to 
Pandey et al. (2009) and stored in aliquots of 100 µl at -80
o
 C. Purified GA3 protein 
was incubated with 2mM EDTA for five min, and GTP was added to 5mM final 
concentration and incubated for 30 min at 4
o




were buffer-exchanged three times in 50mM Tris–HCl, pH 7.5, and 100 mM NaCl at 
4
o
 C, with Viva Spin 500 columns (Stedim) according to the manufacturer’s protocol. 
GTPase reactions were performed in the exchange buffer with GA3 at 49 µM and 
Clo3 at 48 µM with 10 µM GTP and 10 mM CaCl2; the reaction was activated with 
10 mM MgCl2 and incubated for 30 min at room temperature. Inorganic phosphate, 
the GTPase reaction product, was assayed using the PiPer Phosphate assay kit 
(Invitrogen) according to the manufacturer’s protocol, with samples being analyzed 





2.5.   Results 
The heterotrimeric Gα subunit, Ga3, calcium-binding protein, Clo3, and 
phosphoinositide-specific phospholipase C, Pi-Plc, genes from wheat 
 
The Ga3 cDNA from the wheat cultivar Norstar has 98% nucleotide sequence 
identity with the coding regions of two previously reported wheat Gα genes from the 
cultivar S615, GA1 and GA2 (Hossain et al., 2003). Ga3 likely represents a 
homeologous copy of GA1, whereas GA1 and GA2 appear to be recent gene copies 
with small rearrangements. GA1 is 99.4% identical to GA2 but GA2 has a 21 bp 
insertion. A second version of Ga3 was found as a cDNA clone from the wheat 
cultivar Chinese Spring, Ga3-CS, has a 17 bp insertion located 1038 bp downstream 
from the start codon which causes a frame shift and results in an ORF encoding a 
protein with 367 amino acids instead of the 382 amino acids of the normal allele, Ga3. 
In addition, the last 20 amino acids  of the shortened protein are different from a 
similar clone identified in the cultivar Norstar. Except for the insertion, the nucleotide 
sequence is 100% identical to the Ga3 clone from Norstar and thus it is likely an allele 
of Ga3; it is referred to as Ga3-CS. GA3
Q223L
, a constitutive GTP-bound form of GA3, 
was also constructed by replacing adenosine with thymine at position 668 of the Ga3 
coding region according to Ullah et al. (2003) by PCR-based site directed 
mutagenesis to create a glutamine to lucine change. A cDNA clone for Clo3 
(previously referred to as J900) (Tardif et al., 2007) which belongs to a caleosin 
superfamily, has high sequence similarity to caleosin-like genes identified in wheat 
and Arabidopsis. It has 63% amino acid sequence similarity with At-Clo3 of 
Arabidopsis (also known as RD20), a calcium-binding protein gene family member 
that is strongly induced by drought and ABA treatments (Partridge and Murphy 2009). 




sequence similarity with a Ca
+2
-binding protein in rice (GB acc. BAD45228) and 69% 
amino acid sequence similarity with a barley Ca
+2
-binding protein (GB acc. 
CAB71337). cDNA clones encoding phosphoinositide-specific phospholipase C 
protein, Pi-Plc1 and Pi-Plc2 cDNAs were identified among a FGAS wheat EST clone 
collection (Houde et al., 2006). The full-length cDNA clone of Pi-Plc1 was derived 
from the combination of a partial-length cDNA and the 5’ end of the cDNA including 
the 5’ UTR and the independently cloned 5’ end of the ORF of PI-Plc1.  This 5’ end 
was cloned by PCR amplification from a plasmid mixture of a complete cDNA library 
using gene specific and vector specific primers.The 1860 nucleotide cDNA clone 
encodes a 506 amino acids protein with a molecular mass of 57 kDa that has 80% 
amino acid sequence identity with Oryza sativa PI-PLC1 (GB acc. AAK01711). PI-
PLC1 contains X and Y domains that are necessary for the phosphoesterase activity as 
well as a C2 calcium-binding domain, but does not have an EF-hand calcium-binding 
domain in the N-terminal region of the protein that is found in many plant PI-PLCs. 
There are other examples of PI-PLC genes that lack an N-terminal EF-hand domain 
from Zea mays (Zhai et al., 2005) and Vigna unguiculata (GB acc. AAB41107) (El-
Maarouf et al., 2001). The full-length cDNA sequence of Pi-Plc2 is 1761 nucleotides 
long and encodes a 586 amino acid protein. It has 59% amino acid identity to Pi-Plc1 
and contains an EF-hand in the N-terminal region, the X and Y phosphoesterase 








GA3 interacts with Clo3 
The three-dimensional reconstruction of the confocal images of the BiFC 
interaction assay of Clo3 and GA3 clearly show a pattern of localization with the PM 
(Fig. 1a) and not with any other structures. Though tonoplast-localized proteins would 
also be expected to localize to the periphery of the cell, they are also expected to be 
seen in internal membranes due to the presence of multiple adjacent vacuoles in a cell; 
however, this was not observed. The BiFC interaction assay of Clo3 with the 
constitutively GTP-bound form of GA3, GA3
Q223L
, and the truncated version of GA3, 
GA3-CS, did not show significant fluorescence (data not shown). The specificity of 
the BiFC assay was supported by positive and negative controls including the 
interaction of Arabidopsis Gα, At-GPA1-C-terminal-YFP, and At RGS1-N-terminal-
YFP (Grigston et al., 2008), which showed a clear interaction in the PM. No 
interaction was observed between negative controls, Arabidopsis Ptdlns synthase, At-
PIS-C-terminal-YFP, and an Arabidopsis ABA-responsive protein, At HVA22d-N-
terminnal-YFP. GA3-eGFP and GA3-CS-eGFP fusions to full length eGPF proteins 
were localized to the PM (Fig. 2a, b) and ER (Supplemental Fig. S2a, S2b) in tobacco 
epidermal cells. GA3-eGFP and GA3-CS-eGFP did not co-localize with any of the 
other 5 cellular makers (Supplemental Fig. S3, S2).In contrast to the PM localization 
of the interaction between Clo3 and GA3, Clo3-eGFP expressed in N. benthamiana 
epidermal cells as a fusion to the full-length eGFP was localized to the ER and 
tonoplast (Fig. 2c, d, Supplemental Fig. S4). The localization to the ER is seen by 
both co-localization with the ER marker and by the clear network structure that is 
seen in the upper focal planes of the cell. In mid-focal planes the labeling appears as a 
punctuate signal seen at the edges of the cells, which is expected in the cross-section 




distinguishable from the PM and tonoplast makers. Gα in Arabidopsis has previously 
been reported to localize to the PM and the ER (Weiss et al., 1997) and Clo3 
homologs in Arabidopsis and Brassica have been localized to the ER (Hernandez-




the localization of its interaction with GA3 suggests that there is a small 
subpopulation of Clo3 in the PM that interacts with GA3 that is not visible when the 
protein is expressed as a Clo3-eGFP construct. 
To test forin vitro protein–protein interaction between GA3 and Clo3, Clo3 
expressed as a His-tagged protein fusion in E. coli was immobilized on Ni–NTA 
Agarose beads and incubated with GA3 expressed as a GST-fusion. The interaction of 
GA3 and Clo3 was shown in vitro by a His-tag pull-down assay of Clo3, which 
resulted in the co-purification of GA3-GST (Fig. 3a). There was approximately a five-
fold higher ratio of the GA3-GST/Clo3 recovery in the presence of 10 mM CaCl2, 
than when proteins had been pretreated with 1 mM EGTA to remove bound calcium 
ions. GA3 interacted more strongly with Clo3 when it was preloaded with GTP than 
when it was preloaded with GDP in the absence of calcium ions, whereas no 
difference was found in the affinity between the GTP- or GDP-loaded forms of GA3 
in its binding to Clo3 in the presence of 10 mM calcium ions (Fig. 3a).  
The specificity of the interaction between GA3 and PI-PLCs 
 
The interaction of GA3 and PI-PLC1 was observed by a BiFC assay as a 
reconstitution of YFP, and was localized to the ER and PM (Fig. 1b, c). The 
subcellular localization of the fusion to the full-length eGFP, PI-PLC1-eGFP, was 
also seen on the PM and ER (Fig. 2e, f, Supplemental Fig. S5). In contrast, the second 
phospholipase C, PI-PLC2, did not show any interaction with GA3 in the same assay. 
The PI-PLC2-eGFP fusion was localized predominantly to the PM (Fig. 2g, 
Supplemental Fig. S6). The localization of three truncations of PI-PLC2 was also 
carried out. PI-PLC2∆EF-hand-eGFP, which lacked an EF-hand, was detected on the 








appeared to be lower than the full-length version of PI-PLC2 (Supplemental Fig. S7a). 
Both PI-PLC2∆C2 (which lacked the C2 domain) and C2 domain fused to eGFP, 
were not targeted to the PM but were found on the ER (Supplemental Fig. S7b). 
Though some deletions affected the localization of the PI-PLC2 protein to the PM, 
none of the truncated versions of PI-PLC2 showed interaction with GA3. PI-PLC1 
was also found to form homopolymeric complexes on the ER and PM when two 
fusion products, one as a fusion with the N-terminus of YFP and the other with the C-
terminus of YFP were expressed together in the BiFC assay (Supplemental Fig. S8a). 
On the other hand, PI-PLC2 did not show evidence of dimerization in the same assay. 
The difference in the interaction and localization of PI-PLC1 and PI-PLC2 
demonstrates the specificity of the interaction assay and suggests that the two proteins 
play different roles in plant metabolism and signaling.  
In vitro binding experiments were also performed to confirm the interaction 
between GA3 and PI-PLC1. PI-PLC1 was expressed as a His-tagged protein fusion in 
E. coli and Ni–NTA Agarose-bound-PI-PLC1 protein was incubated with GA3 
expressed as a GST-fusion. GA3 was co-purified with PI-PLC1-His when it was 
isolated in a His-tag pull-down assay using Ni–NTA Agarose beads (Fig. 3b). The 
recovery of GA3 from the in vitro interaction between GA3 and PI-PLC1 was 
approximately two times higher in the presence of 10 mM CaCl2 than when calcium 
was sequestered by the addition of 1 mM EGTA to the interaction solution. 
 When the His-tag pull-down assay was employed after preloading GA3 with 
either GDP or GTP, the GTP-bound form of GA3 showed three times more binding 
with PI-PLC1 than the GDP-bound form of the protein in the absence of calcium ions. 
In the presence of calcium there was no difference between the interactions of PI-




vivointeraction between a constitutive GTP bound form of wheat Gα, GA3Q223L, 
and PI-PLC1 also appeared to have higher levels of fluorescence than the interaction 
between the wild type GA3 and PI-PLC1 (Supplemental Fig. S8b, S8c).  
PI-PLC1 also interacts with Clo3 
PI-PLC1 was also found to interact with the calcium binding protein, Clo3, on the 
ER and PM (Fig. 1d, e). The localization of the interaction between the two proteins 
was seen by co-localization with PM and ER markers and by the labeling of the ER 
network structure in the upper focal planes of the cell (Supplemental Fig. S8d). A 
second phospholipase C, PI-PLC2, did not show any interaction with Clo3. The 
interaction between PI-PLC1 and Clo3 was verified by an in vitro pull-down assay; 
Clo3 expressed as a His-tagged protein was effective in co-purifying a PI-PLC1-GST-
fusion protein in the presence of 10 mM CaCl2 (Fig. 3c). The interaction between the 
two proteins was ten times higher in the presence of 10 mM calcium ions than when 
calcium ions were sequestered by the addition of EGTA.  
The PI-PLC1-GA3-Clo3 interactions are competitive 
Since Clo3 was found to interact with both GA3 and PI-PLC1, the dynamics of 
the three-way interaction were investigated by in vitro interaction studies to assess 
whether the interaction was synergistic or competitive. Clo3-His-tag-bound Ni–NTA 
Agarose beads were incubated with increasing amounts of GA3 preloaded with GTP 
in the presence of 10 mM CaCl2, to reach saturation of GA3 binding to Clo3 (Fig. 4a). 
With GA3 at the saturation level, increasing amounts of PI-PLC1-GST were 
subsequently added to the interaction complex of Clo3 and GA3. The addition of PI-




PLC1 were recovered as binding partners of Clo3 (Fig. 4b). This indicates 









Clo3 has GAP activity 
Calcium release is a downstream signaling consequence of PLC activation, and 
the hydrolysis of GTP is the critical regulatory step in inactivation of G proteins. 
Consequently, the role of the Clo3 interaction with GA3 was further investigated by 
characterizing the effect of protein–protein interactions on the GTPase activity of 
GA3. GA3-GST and Clo3-His-fusion proteins were purified from E. coli cultures and 
assayed for GTPase activity in the presence of calcium. GA3-GST alone showed 
intrinsic GTPase activity in vitro and the activity was stimulated 25% by the 
equimolar addition of Clo3-His in the presence of calcium as shown in Fig. 5.  Clo3 
alone showed no GTPase activity.This level of GAP activity was similar to that 


















Fig. 5 Clo3 stimulation of GA3 GTPase activity. GA3-GST and Clo3-His were 
expressed in E. coli and purified with affinity matrices for the GST and 6-His-tags, 
respectively. The proteins were incubated in equimolar amounts with 10 lM GTP in 
the presence of 10 mMCaCl2 for 30 min. GTPase activity was assayed by measuring 
Pi-released in the reaction mix and measured by a fluorescence emission assay. Clo3 





2.6.   Discussion 
Clo3 interaction with GA3 
The low number of Gα, Gβ and Gγ genes in plants as compared to animals 
raises questions of how heterotrimeric G proteins might be involved in multiple 
signaling pathways in plants. The additional gene copies and allelic variations for Gα 
in wheat reported here indicate a greater complexity and divergence within this gene 
family than in Arabidopsis and rice, phenomena reflected also in the recent analysis of 
the gene family in soybean (Bisht et al., 2011). However, the complexity of the family 
is modest relative to that in animal species. The complexity of signaling in plants may 
be derived from a variety of effector molecules that interact with the heterotrimeric G 
proteins (Assmann, 2005; Pandey et al., 2010); thus the analysis of the interaction 
between Gα, PI-PLC and Clo3 from wheat makes an important contribution towards 
understanding the complexity of protein–protein interactions involved in G-protein 
signaling. Studies in non-plant systems have shown that heterotrimeric G-protein 
signaling is intrinsically linked to calcium signaling by activation of PI-PLCs, which 
in turn leads to calcium release into the cytoplasm. In spite of the complex array of 
signaling pathways in which both calcium and G proteins are implicated, the direct 
interaction between calcium-binding proteins and heterotrimeric G proteins has not 
been reported in plants. In non-plant systems, there are few examples of calcium-
binding proteins known to interact with G proteins directly. The calciumsensing 
receptor (CaR) in human pituitary cells is a G-protein receptor (Mamillapalli and 
Wysolmerski, 2010), and the rat calcium-binding protein, calnuc, binds to Gα, though 
its function is not clear (Kanuru et al., 2009). More significantly, the avian regulator 
of G-protein-signaling, RGS3, which has the hallmark EF-hand domain of calcium-




in neural cells in a Ca
+2
 -dependent manner (Tosetti et al., 2003). With so few 
calcium-binding proteins known to interact with Gα, the possible role of the calcium-
binding protein Clo3 interacting with Gα is intriguing.  Ca+2is a central regulator in 
cell physiology and plays an important role in the response to abiotic stress including 
low temperature, salt and water stress. Release of Ca
+2
 from the apoplast or 
intercellular stores to the cytoplasm gives rise to signature patterns of oscillations of 
cytosolic Ca
+2
 concentrations in response to different environmental cues (Dodd et 
al., 2007). Several classes of calcium-binding regulatory proteins including calcium-
dependent protein kinases (CDPK), calcium-regulated transcription factors, 
calmodulins and calcineurins have been implicated in the response to abiotic stress 
(reviewed by Tuteja and Sopory,2008). Overexpression of the CDPK, At CPK6 (Xu 
et al., 2010), and of the calcineurin B-like protein, CLB5, (Cheong et al., 2010) have 
both been shown to enhance salt and drought tolerance in Arabidopsis. RD20/Clo3, 
the ortholog of Clo3 in Arabidopsis, is strongly induced by ABA treatment 
(Takahashi et al., 2000) and by overexpression of RD26, an ABA and drought 
inducible NAC transcription factor (Fujita et al., 2004). GPA1, the Arabidopsis 
ortholog of Ga3, is also implicated in ABA signaling; the gpa1 mutant has enhanced 
ABA suppression of germination (Ullah et al., 2003), reduced stomatal closure in 
response to ABA treatment (Fan et al., 2008) and increased transpiration efficiency 
related to a reduced density of stomates (Nilson and Assmann, 2010). Thus, the 
physical interaction of the ABA-induced Clo3 and GA3 present important 
components to investigate the role of Gα in ABA signaling. The sequence of events in 
the well-known models of Gα activation of PI-PLC and subsequent IP3-trigged 




feedback inactivation of Gα. This model is supported by the GTPase Activating 
Proteins (GAP) activity demonstrated by Clo3 in the present work. 
 GA3 interaction with Clo3 is enhanced by high Ca
+2
 concentrations, and at 
high Ca
+2
 concentrations the binding to Clo3 is similar to the GTP- and GDP-bound 
state of Gα (Fig. 3a). Though the competitive interaction between GA3, Clo3 and PI-
PLC1 demonstrated by in vitro interactions alone does not predict the chronological 
order of binding events, existing models of PI-PLC activation by Gα suggest that PI-
PLC binds to Gα and may be displaced by Clo3, since binding and displacement is 
enhanced by Ca
+2
. GAP proteins promote the inactivation of G proteins by GTP 
hydrolysis, and the inactivation of GA3 by Clo3 is consistent with a number of stress-
related responses in which Gα mutants have been shown to have phenotypes linked to 
increased stress tolerance, including enhanced ABA sensitivity and stomatal closure 
(Fan et al., 2008), increased transpiration efficiency (Nilson and Assmann, 2010), the 
regulation of root proliferation in Arabidopsis (Chen et al., 2006) and adaptation to 
hypoxia in rice (Steffens and Sauter,  2010). The fact that Clo3 also binds to PI-PLC1 
suggests that it has functions other than GTPase activation. If Clo3 is a negative 
regulator of GA3, the logical hypothesis is that it is also a negative regulator of PI-
PLC. 
GA3 and PI-PLC1 
The activation of PI-PLC by Gα has long been known in animal systems, but 
the interaction of these two classes of proteins has only recently been reported in 
plants. The interaction of PI-PLC and Gα proteins from Pisum was characterized in 
vivo and by yeast two-hybrid analyses (Misra et al., 2007). Here we report the 
localization of the PI-PLC1 interaction with GA3 on the PM and ER, which raises the 




classical model of G-protein-coupled receptor signaling that has been described for 
PM receptors, the localization of different Gα gene family members to 
endomembranes in animal systems has also been associated with the regulation of 
membrane trafficking (Marrari et al., 2007). The activity and localization of PI-PLCs 
and other phosphoinositide-metabolizing enzymes has also been shown to regulate 
membrane trafficking (Thole and Nielsen, 2008), indicating that the localization of 
the PI-PLC interaction with GA3 to the ER and the PM may contribute to the 
multiplicity of signaling from G-protein receptors. The interaction of GA3 with PI-
PLC1 and its lack of interaction with PI-PLC2 demonstrates the specificity of the 
interaction. The C2 domain of PI-PLC is found in several classes of proteins involved 
in signaling and membrane trafficking and has been implicated in binding with 
phospholipids and other proteins (Nalefski and Falke, 1996). The C2 domain of a PI-
PLC from Pisum was shown to be sufficient for PI-PLC binding with Gα (Misra et 
al., 2007). The 131 amino acid C2 domain of the Pisum sativum PI-PLC has 74% 
amino acid sequence identity with the T. aestivum PI-PLC1 but only 68% identity 
with PI-PLC2 over the same region. PI-PLC1 and the Pisum PI-PLC share 13 amino 
acids within the sequence of their C2 domains that are not shared by the two wheat 
PLCs; these are candidates for the critical amino acids mediating the interaction of PI-
PLC1 and GA3. The same 13 amino acids are also conserved in two stress induced 
PI-PLCs identified in other species, the systemic acquired resistance induced Oryza 
sativa PI-PLC (Song and Goodman, 2002) and the drought-, salinity- and ABA 






   TaPI-PLC2          KTRLKVTVYMGDGWRFDFRKTHFDKCSPPDFYARVGIAGVVADTMMKETK 50 
   TaPI-PLC1          KKTLKVKVYMGDGWRMDFKQTHFDQYSPPDFYARVGIAGVPADSVMKKTK 50 
   PsPI-PLC           KTTLKVTVYMGEGWYYDFDHTHFDQFSPPDFYARVGIAGVPFDTIMKKTK 50 
   OsPI-PLC           KKTLKVKVYMGDGWRMDFTQTHFDQYSPPDFYARVGIAGVPADSVMKRTR 50 
   VrPI-PLC3          KKTLKVTIYMGEGWFHDFKHTHFDQYSPPDFYARVGIAGVPYDTVMKKTK 50 
                      *. ***.:***:**  ** :****: **************  *::**.*: 
 
###### 
   TaPI-PLC2          VIMDNWIPTWDHEFEFPLSVPELALLRVEVHESDNHQKDDFAGQTCLPVW 100 
   TaPI-PLC1          AVEDNWVPVWGEEFSFDLTVPELALLRVEAHEYDMSEKDDFAGQTVLPVS 100 
   PsPI-PLC           TVEDSWLPSWNEVFEFPLSVPELALLRIEVHEYDMSEKDDFGGQTCLPVW 100 
   OsPI-PLC           AIEDNWVPVWEEDFTFKLTVPEIALLRVEVHEYDMSEKDDFGGQTVLPVS 100 
   VrPI-PLC3          SVEDNWSPSWNEEFKFPLSVPELALLRVEVHEYDMSEKDDFGGQTCLPVW 100 
                       : *.* * * . * * *:***:****:*.** *  :****.*** ***  
 
#### 
   TaPI-PLC2          ELRSGIRSVRLYARDGEVLRSVKLLMRFEFS 131 
   TaPI-PLC1          ELQPGIRAVALFDRKGNKLPNVKLLMRFEFV 131 
   PsPI-PLC           ELRTGIRAVPLHSRKGDKYNNVKLLMRFEFI 131 
   OsPI-PLC           ELIPGIRAVALHDRKGIKLNNVKLLMRFEFE 131 
   VrPI-PLC3          ELRSGIRAVPLYSRKGEKYHNVKLLMRFEFI 131 
                      ** .***:* *. *.*    .*********  
 
Fig. 6   Multiple sequence alignment of PI-PLC-C2-2 domains. 
The alignment between 131 amino acidsof the C2-2 domain of PI-PLCs from 
Triticum aestivum, Pisum sativum, Vigna radita andOryza sativa. Thirteen amino 
acids (#) are in common between two PI-PLC’s  known to interact with  Gα’s, wheat 
PI-PLC1 and the Pisum PI-PLC, and are not shared  between TaPI-PLC1 and TaPI-




Clo3 and PI-PLC interaction 
The significance of the interaction between Clo3 and PI-PLC is open to 
speculation as there have been relatively few reports of protein–protein interactions 
for PI-PLCs. The overexpression of a PI-PLC in maize enhanced drought tolerance 
(Wang et al., 2008) and the overexpression of NtC7, a protein that anchors PI-PLC to 
the plasma membrane in tobacco, was found to enhance salt tolerance (Nakamura and 
Sano, 2009). PI-PLC was also reported to interact with actin in the cytoskeleton of oat 
roots (Huang and Crain, 2009). In addition to their role in cleaving phosphoinositides 
from phospholipids, PI-PLCs have been studied for their role in releasing 
glycosylphosphatidylinositol (GPI)-anchored proteins from membranes (Coonrod et 
al., 1999). The role of the interaction with GPI proteins implies a large number of 
potential interaction partners; nevertheless there is little known about the interaction 
between a PI-PLC and a calcium-binding protein in plants. Clo3 is predicted by 
TopPred 5 (Claros and Von-Heijne, 1994) to have one membrane-spanning domain 
and was localized as a GFP-fusion protein to the ER and tonoplast; thus it may play a 
role in anchoring PI-PLC to the membrane.  
Our results indicate a role for the calcium-binding protein Clo3 in the 
regulation of the signaling proteins Gα and PI-PLC. The GAP activity of Clo3 
indicates that it plays a role in attenuating the activity of GA3. In addition, the 
phenotypes of Gα mutants in Arabidopsis and rice suggest that such attenuation could 
contribute to a number of physiological and developmental adaptations to 
environmental stress. The localization of the interactions to both the PM and the ER 
suggest diverse roles for the interaction. The effect of the protein–protein interaction 
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   Helix                 Loop                   Helix  
   XYZGynx  Z                
Taclo3ALQKHVSFF  DRNKDGIITPSE  TFEGSVAIG 
  OsClo-BAD45228ALHKHVSFF  DRNKDGIITPSE  TIEGIVAIG 
  HvClo-CAB71337ELQKHVSFF  DRNKDGFITPTE  TIQGFVAIG 
  AtClo3/RD20-AAB80656VMQQHVAFF  DQNDDGIVYPWE  TYKGFRDLG 
:::**:**  *:*.**:: * *  * :*   :*  
 
 
SupplementalFig.S1  TheEF-hand motif of the TaClo3 compared with other calcium 
binding proteins. 
The conservation of thirty amino acids at several positions of Triticum aestivum Clo3,  
Oryza sativa Clo (BAD45228), Hordeum vulgare Clo (CAB71337) and  Arabidopsis 
Clo3/RD20 (AAB80656) indicates the consensus sequence for the EF-hand motif. 
The calcium binding EF-hand domain is underlined according to Takahashi et al., 
(2000). Ca
2+
 is coordinated by ligands within the 12-residue loop.  The X, Y, Z,y, x 
and Z are six  putative amino acids that are bound with  the  calcium ion. n = 


























































Supplemental Table S1: Oligo nucleotide primers used in this study. 
Primer Name  Sequence 
M13 (For.) 5’GTAAAACGACGGCCAGT3’ 
TaClo3-internal  (For.)                         5’GGTGGCTGCTCTTCTGTTTC3’ 
TaGA3 (For.)  5’TGCATTTGATGTTAAAGGAAGGT3’ 
PCMVSPORT6 (For.)  5'CCATAGAAGACACCGGGA 3' 
Partial-TaPI-PLC1(Rev.)   5'CAGGTGAAGGGAGCTCTT3' 
AttB1 pCMVSPORT6 (For.)  5'GGGGACAAGTTTGTACAAAAAAGCAGGCTCAGCCTCCGGACTCTAGC3' 
AttB2 Partial TaPI-PLC1-1 (Rev.)           5'GGGGACCACTTTGTACAAGAAAGCTGGGTCTCGGGTGTAAGGTGGTCT3' 
AttB2 partial TaPI_PLC1-2 (Rev.)          5'GGGGACCACTTTGTACAAGAAAGCTGGGTCAGTCGCTGCTGAGCTGGT3' 
AttB-P1 TaGA3 (For.) 5'GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGGCTCCTCCTG 
CAGCA3' 
AttB-P2 TaGA3 (For.) 5'GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGAAGGAGGATGT 
GCTCCATG3' 
AttB-P3 TaGA3 (Rev.)  5'GGGGACCACTTTGTACAAGAAAGCTGGGTACGTCCCCGTTCCCTCCCT3' 
TaGA3-CS (For.)   5'ATGGGCTCCTCCTGCAGCA3' 
TaGA3-CS (Rev.)   5'CCGGCTTGCTGCTCTGGA3' 
TaGA3-internal (For.)  5'GGAGACGAAGGAACTGTTCGACTG3' 
TaGA3 (Rev.)   5'CGTCCCCGTTCCCTCCCT3' 
Q223LTaGA3 (Rev.)  5'CCTCCTCTCATTCCTTAGACCTCCTAC3' 
Q223LTaGA3 (For.)   5'GTAGGAGGTCTAAGGAATGAGAGG3' 
AttB1 TaClo3 (For.)  5'GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGCGATCCGGCG 
ACAAT3' 
AttB1 TaClo3 (Rev.) 5'GGGGACCACTTTGTACAAGAAAGCTGGGTCCATTGCACTATGATGAGA 
AAAGGCCC3' 
AttB1 TaPI_PLC1 (For.) 5'GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGGCACCTACAAGTGC 
AttB2 TaPI_PLC1 (Rev.) 5'GGGGACCACTTTGTACAAGAAAGCTG>GGTCCACAAACTCAAAGCGCATG 
AttB1 TaPI_PLC2 (For.)  5'GGGGACAAGTTTGTACAAAAAAGCAGGCATGAGCACGTACAGGGT3' 
AttB2 TaPI_PLC2 (Rev.)  5'GGGGACCACTTTGTACAAGAAAGCTGGGTCCGAAAACTCGAAGCGCAT 
AttB1 TaPI-PLC2∆EF-hand (For.)5'GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGTTCACCATGACAT3' 
AttB2 TaPI-PLC2∆C2-2 (Rev.)  5'GGGGACCACTTTGTACAAGAAAGCTGGGTCTGTCTTCACTGGTAGTTT3' 
AttB2 TaPI-PLC1-stop (Rev.)          5'GGGGACCACTTTGTACAAGAAAGCTGGGTCTCACACAAACTCAAAGC 
GCAT3' 
SeqL A  (For.)    5' TCGCGTTAACGCTAGCATGGATCTC 3' 
SeqL B  (Rev.)    5' GTAACATCAGAGATTTTGAGACAC 3' 
BamH1 TaGA3 (For.)  5' CGCGGATCCGCGATGGGCTCCTCCTGCAGCAGACCT 3'  
Sal1TaGA3 (Rev.)  5'TTCCGCGGCCGCTATGGCCGACGTCGACGCGTTTACGTCCCCGTTC 







Supplemental Table S2: Organelle markers as red fluorescent-protein fusions. 
Organelle                Construct Name    Targeting Protein   
Plasma Membrane PM-rk CD3-1007 The full length of AtPIP2A, a plasma 
      membrane aquaporin   
      
Tonoplast   T-rk CD3-975  C-terminus of c-TIP, an aquaporin of  
      the vacuolar membranefused to the 
      fluorescent protein                      
 
Endoplasmic ReticulumER-rk CD3-959 contains the signal peptide of  
      wall-associated kinase2,fluorescent at  
      the N-terminus of protein and ER  
      retention signal, His- Asp -Glu-leu, at  
      the C- terminus. 
 
        
Plastids  Pt- rk CD3-999 The first 79 aa of the small subunit of
      tobacco rubisco.   
        
Mitochondria  Mt-rk CD3-991 The first 29 aa of yeast cytochrome C
      oxidase IV.      
    
Golgi   G-rk CD3-967  The first49 aa of GmMan1, soybean α- 
      1,2 mannosidae 1.   
        
Peroxisome  Px-rk CD3-983 Peroxisomal targeting signal1, Ser-  
      Lys-Leu , at the C- terminus of the  
      fluorescent protein.         
PM, Plasma Membrane; T, Tonoplast;  ER, Endoplasmic Reticulum;  Pt, Plasitds;  








Chapter 3.    Characterization of the caleosin gene family in the Triticeae 
3.1.    Outline and contribution of colleagues 
Chapter 3 of the thesis presents the characterization of the caleosin gene 
family members in the Triticeae.  This study was conducted to characterize the size 
and diversity of thecaleosin gene family in wheat and related species. A total of 34 
gene family members that belong to eleven paralogous groups of caleosins were 
identified in the hexaploid bread wheat, T. aestivum. Each group was represented by 3 
homeologous copies of the gene located on corresponding homeologous 
chromosomes, except the caleosin 10, which has four gene copies. Ten gene family 
members were identified in diploid barley, Hordeum vulgare, and in rye, 
Secalecereale, seven in Brachypodium distachyon, and six in rice, Oryza sativa. The 
analysis of gene expression was assayed by RNA-Seq analysis of 454 sequence sets 
and members of the gene family were found to have diverse patterns of gene 
expression in the nine tissues that were sampled in rye and in triticale, the hybrid 
hexaploid species derived from wheat and rye. Dr. P. Gulick carried out gene 
sequence compilation and verification with the first author U. M. Pham. I have 
identified all caleosin gene family members in rye and studied their expression in rye 
and triticale tissues using rye and triticale 454-sequence sets. Dr. P. Gulick, U. M. 
Pham and me, H. B. Khalil, contributed to writing and revision of the manuscript. 
This paper has been submitted for publication in BMC Genomics (Pham et al., 




3.2.   Abstract 
 Background: The caleosin genes encode proteins with a single conserved EF 
hand calcium-binding domain and comprise small gene families found in a wide range 
of plant species. Some members of the gene family have been shown to be 
upregulated by environmental stresses including low water availability and high 
salinity. Caleosin 3 from wheat has been shown to interact with the α-subunit of the 
heterotrimeric G proteins, and to act as a GTPase activating protein (GAP). This study 
was conducted to characterize the size and diversity of the gene family in wheat and 
related species and to characterize the differential tissue-specific expression of 
members of the gene family.  
Results: A total of 34 gene family members that belong to eleven paralogous 
groups of caleosins were identified in the hexaploid bread wheat, T. aestivum. Each 
group was represented by 3 homeologous copies of the gene located on corresponding 
homeologous chromosomes, except for caleosin 10, which has four gene copies. Ten 
gene family members were identified in diploid barley, Hordeum vulgare, and in rye, 
Secalecereale, seven in Brachypodium distachyon, and six in rice, Oryza sativa.  
Gene expression was assayed by RNA-Seq analysis of 454 sequence sets and 
members of the gene family were found to have diverse patterns of gene expression in 
the nine tissues that were sampled in rye and in triticale, the hybrid hexaploid species 
derived from wheat and rye. 
Conclusions: The caleosin gene family had a greater degree of expansion in 
the Triticeae than in the other monocot species, Brachypodium or rice. Phylogenetic 
analysis indicates that the gene family has had a marked expansion after the 




member of the gene family in the stress response and heterotrimeric G protein 
signaling, points to the potential importance of the caleosin gene family. The 
complexity of the family and differential expression in various tissues opens the 
possibilities that caleosin family members may play diverse roles in signaling and 




3.3.   Background 
Caleosins are calcium-binding proteins encoded by small gene families in 
plants, and some members of the gene family have been shown to play an important 
role in signaling and in the response to stress. Ta-Clo3 encoded by a member of this 
gene family in wheat (Triticum aestivum), was shown to have GAP activity with the 
heterotrimeric G protein subunit, Gα [1]. The caleosins do not have significant 
sequence similarity with the Regulators of G protein Signaling (RGS) in other species 
and appear to be a new class of proteins that act as heterotrimeric G protein GAPs. 
The wheat Clo3 was also shown to interact with phosphoinositide-specific 
phospholipase C1 (PI-PLC1) in vivo and in vitro, and the interaction between Clo3, 
Gα and PI-PLC1 was found to be competitive [1]. A homolog of Ta-Clo3 in 
Arabidopsis, At-Clo3, also known as Response to Drought 20 (RD20), has been 
shown to be strongly induced by drought, abscisic acid and high salinity and was 
experimentally shown to bind calcium [2]. The clo3/rd20 mutants in Arabidopsis 
showed enhanced sensitivity to drought conditions and RD20 was implicated in the 
control of stomata aperture, reduction of growth, and increased transpirational 
efficiency [3]. Plants’ responses to water deficit are known to activate signal 
transduction cascades that increase the level of secondary messengers, including 
calcium, thus some members of the caleosin gene family appear to play a critical role 
in water deficit signaling and to link calcium regulation to G protein signaling. 
Analysis of caleosinsin barley also suggests a role in lipid trafficking and membrane 
expansion [4]. The caleosin-assembled oil bodies have been proposed as useful 
components of a nano-carrier for therapeutic purposes, and have been specifically 
used as drug carriers, targeting cancer cells[5]. It is unknown if the role of caleosins in 




functions carried out by different members of the gene families. The caleosins gene 
family has seven members in Arabidopsis and five members in the rice genome. In 
order to facilitate the analysis of the members of this gene family and investigate the 
diverse roles these proteins may play in signaling, we report a description of the 
whole gene family in hexaploid wheat and diploid rye based on analysis of high-
throughput cDNA sequencing data sets and compare these to the other diploid species 





3.4.   Methods 
Caleosin contigs assembly 
Triticum aestivum 
The calcium binding protein Ta-Clo3/J900 from wheat was used for BLASTp 
[6] searches in the GenBank NR databases for related caleosin gene sequences in 
Arabidopsis and rice. The complete set of Arabidopsis and rice caleosin amino acid 
sequences, as well as that of the Ta-Clo3 were then used to search, with tBLASTn, the 
GenBank EST database forrelated sequences fromT. aestivum. The EST sequences 
were assembled into contigs using CAP3 [7] under high stringency parameters of a 
minimum sequence identity of 98%; minimum overlap length of 40 nt; gap penalty, 6; 
match value, 2; mismatch penalty (-5). Open reading frames and translation of the 
contigs were carried out with the ExPASy translate tool [8] and confirmed by 
BLASTx with the GenBank NR database comparison to related sequences, and 
among the derived T. aestivum caleosin sequences as the data set was developed. 
Contigs were manually edited to obtain full length cDNA sequences by first 
identifying partial length contigs by BLASTx to the NR database and then identify in 
additional ESTs with 100% identity and a minimum overlap of 120 nt in the T. 
aestivum EST database at NCBI. These were selected for extending the 5’ or 3’ end of 
the initial contig. CAP3 was used to assemble all ESTs together with partial 
sequences to generate full-length contigs. After an initial set of contigs was 
completed, the process was reiterated to identify additional ESTs and additional 
homeologous members of the gene family that were not represented in the initial 
contig set. The T. aestivum caleosin contigs were used to search the Wheat Survey 
Sequences (WSS) of the International Wheat Genome Sequencing Consortium [9] in 
order to identify the chromosome or chromosome arm on which the gene was located. 




assembled independently from 454 (Roche) cDNA sequences of triticale and from 
matches of the homeologous Clo4-A to the WSS genomic wheat sequence database.  
Secale cereale   
Eleven paralogous wheat caleosin genes were used to search for orthologs in 
five 454-cDNA rye libraries obtained from anther, pistil, crown, roots, and stem, 
using BLASTn. All 454-cDNAs that matched to wheat caleosin genes with a 
minimum overlap of 100 nt were selected as caleosin homologs regardless of their 
BLASTn scores or percent identities. The selected candidates of rye 454-cDNAs were 
assembled using CAP3 with the same parameters as described above for T. aestivum, 
except the minimum overlap length was set at 35 nt. Using these high stringency 
assembly parameters, the CAP3 assembly yielded 45 contigs. The preliminary set of 
contigs was searched with the eleven wheat paralogs using BLASTn to eliminate 
duplicates and to select contigs with the longest contig length and highest sequence 
similarity. Contigs assembled with a low depth of coverage were individually 
compared to the rye 454-cDNAs to confirm the accuracy of their assemblies. 
Hordeum vulgare 
The 11 paralogous caleosin gene sequences of wheat were used to search in 
the GeneBank databases for homologous genes in barley (H. vulgare), a close relative 
of wheat. Gene sequences were identified for eight of these genes in the nr database of 
full length nucleotide sequences. The sequence of Hv-Clo9 [GenBank:AK375872.1] 
had a frame-shift error that became apparent by comparison to the wheat orthologs; 
the sequences were corrected by comparison to sequences in the GenBank barley EST 
database. An additional barley caleosin, Hv-Clo8, was assembled from EST 




the second generation sequence database for barley [10] by a BLASTn search of the 
assembly 1 morex rcba database.In the latter case, the tentative barley transcript was 
manually assembled from the output of the BLASTn alignment of the barley subject 
sequence detected by the wheat Ta-Clo11 caleosin query sequence.   
Brachypodium distachyon  
T. aestivum caleosin protein sequences were used to search the B. distachyon 
database [11]by tBLASTn. The complete caleosin gene sequence and coding 
sequences were acquired in FASTA format and were translated with the ExPASy 
Translate tool [8].In cases where the original annotation appears to have miss-
identified the exon/intron junctions or start codons, the flanking sequence for the 
annotated gene region was reanalyzed and annotated manually by searching for 
extended ORFs and sequence similarity to the caleosin protein sequences from T. 
aestivum. 
Caleosin genes conserved domains and family phylogenetic tree 
The most conserved region of the gene family was determined by using NCBI 
Batch Conserved Domain Search Tool [12] for all contigs, and the result was 
confirmed with conservation scores calculated by JasView. The calcium binding 
domain EF-hand motif was identified by alignment of all contigs with EF-hand motifs 
(1XO5, 1NYA) and calcium binding proteins (1TIZ, 1NKF, 3OX6) obtained from the 
Protein Data Bank [13]. The results were verified based on the EF-hand motif in 
Arabidopsis, described by Takahashi and coworkers [2]. The structural and functional 
features of caleosin genes were examined using InterPro Scan Sequence Search 
[14],and the Simple Modular Architecture Research Tool (SMART) [15]in genomic 
mode. These two programs were used in parallel to support the result from the NCBI 




A phylogenetic tree was constructed using wheat caleosin nucleotide 
sequences aligned using Molecular Evolutionary Genetics Analysis (MEGA), version 
5.1 [17]. The maximum likelihood method was employed based on the Jukes-Cantor 
model [16]. Initial tree(s) for the heuristic search were obtained automatically as 
follows: When the number of common sites was < 100 or less than one fourth of the 
total number of sites, the maximum parsimony method was used; otherwise the 
BIONJ method with MCL distance matrix was used. A discrete Gamma distribution 
was used to model evolutionary rate differences among sites (5 categories (+G, 
parameter = 1.2379)). The analysis involved 35 nucleotide sequences. All positions 
containing gaps and missing data were eliminated. There were a total of 510 positions 
in the final dataset.  
 Multiple sequence alignment and phylogenetic tree construction for caleosins 
from six species were performed using MEGA, version 5.1 [17]. Sequence 
comparisons were based on the 174 amino acid caleosin domain of protein sequences 
from eleven paralogous Clo genes (one representative of each homeologous gene 
group) of hexaploid T. aestivum, and the gene sequences from the diploid species: H. 
vulgare, B. distachyon and S. cereale as well as those of O. sativa and A. thaliana. 
The amino acid sequences from the six species were aligned using MUSCLE. 
Phylogenetic trees were constructed using the maximum likelihood method based on 
the Whelan and Goldman (WAG) model [18]. This method uses standard statistical 
techniques for inferring probability distributions to assign probabilities to possible 
phylogenetic trees. The WAG model for amino acids was employed [18], an empirical 
model of globular protein evolution. Initial tree(s) for the heuristic search were 
obtained automatically as described above. A discrete Gamma distribution was used 




1.0411)). The analysis involved 54 amino acid sequences. All positions containing 
gaps and missing data were eliminated. There were a total of 93 amino acid positions 
included in the final dataset.  
Caleosin expression analysis 
The level of expression of 34 caleosin gene family members was estimated in 
T. aestivum using the EST database at GenBank. The relative level of expression and 
tissue specific expression for each of the caleosin gene family members in rye and in 
triticale, a synthetic hybrid between Triticum durum and rye, was determined by 
analysis of Roche 454-cDNA sequence libraries. A description of the analysis is 
presented as a flowchart (Figure S1). Extensive quality control analysis of triticale 
and rye 454-cDNAs was performed in two steps. Poor quality ends which were 
removed by deleting continuous nucleotides with a phred score of less than 15 and 
internal nucleotides with a phred score of less than 20 were masked with N’s using 
the tools available through the Galaxy server from Pennsylvnia State University and 
Emory University [19]. All T. aestivum GenBank ESTs as well as the high quality 
transcripts obtained from triticale and rye tissues were aligned to their associated 
wheat, rye, and triticale caleosin reference sequences using the BWA-SW algorithm 
of BWA aligner [20] using the default parameters except, the mismatching penalty 
was set at 10 and the z-best heuristics were set to 100 to reduce the false read aligning 
due to the high similarity of three members of each homeologous group from the 
hexaploid triticale. The reads that were uniquely mapped to each homeolog were 
selected and counted. The expression of rye and triticale cDNA reads in 454 libraries 
was normalized to readsper kilobase of gene length per million reads to correct for the 
biases from differences in the gene lengths and to normalize the expression among 




3.4.   Results 
Caleosin genes in T. aestivum 
CAP3 assembly parameters for the minimum perecent identity to allow 
sequences to be included in the same contig ranging from 80% (default) to 99% per 
cent identity were evaluated for the assembly of gene family members from hexaploid 
wheat. The optimal value was determined to be 98% identity. Assembly at a lower 
minimum percent identity resulted in contigs that included sequences from different 
homeologous gene copies. Assembly at 99% minimum identity resulted in more 
numerous and shorter contigs with more independent contigs for the same gene. 
Among the species surveyed, hexaploid T. aestivum had the largest caleosin 
gene family with 11 gene family members  per haploid genome. In total, 34 full 
length caleosin-like cDNA sequences were identified in this species (Figure S2; Table 
S1). All but three (Clo4-B, Clo10-2-D, Clo11-A) of these transcript sequences were 
compiled from the wheat EST database at NCBI.These three additional sequences 
were obtained from the WSS derived from second generation sequences from 
genomic DNA (Clo4-B, Clo10-2-D, Clo11-A). Clo10-2-D had a single supporting 
EST sequence in the GenBank EST database, and Clo11-A was supported by a single 
read from the triticale 454-cDNA data set. Clo4-B was identified in the WSS genomic 
data base and the full coding region was verified  by several reads from the triticale 
454-cDNA data set, though Clo4-B from triticale has a 3 base pair deletion relative to 
Clo4-B from T. aestivum. Six cDNA sequences were confirmed by sequencing 
individual cDNA clones. Pair-wise BLASTn and ClustalW2 [21] comparisons among 




homeologous groupings of genes derived from the three ancestral genomes of wheat 
(Figure S2).  
 The accuracy of each contig sequence was judged to be excellent, as the 
contigs generally had a minimum depth of at least three ESTs and many had a depth 
of four to ten sequences. There was also a very good agreement between the contigs 
assembled from EST sequences, sequences of individual cDNA clones and the WSS 
assemblies, which indicates the high accuracy of the WSS database. Genes within 
homeologous groups had high nucleotide sequence similarity, ranging from 96% to 97% 
nucleotide sequence identity within the coding region. This high degree of similarity 
is common among homeologous copies of genes in wheat [22]. The WSS sequences 
are derived from shotgun 454 sequencing of chromosome arm specific BAC libraries, 
thus sequences have a chromosomal assignment, but not a map location along the 
chromosomes. In nearly all cases, homeologous copies of genes were located on the 
same homeologous chromosome arm. One exception is Clo9.  The A and D genome 
copies of Clo9 are located on the short arm and long arm of chromosomes 4A and 4D, 
which are considered homologous, the B genome copy is located on the short arm of 
4B which is not homologous to the other two chromosome arms [23]. Ten of the 11 
paralogous groups had three homeologous copies, but caleosin 10 had four gene 
copies, one on each of the long arms of chromosome 2A and 2B and two copies 
identified on chromosome 2DL. These two copies of Clo10 on 2DL had 93% nt 
sequence identity within the coding region, which is somewhat lower than the 
sequence identity among the homeologous copies on chromosomes 2A and 2B and 




The degree of similarity among the paralogous sequences in wheat spanned a 
wide range; the most similar paralogs were Clo10 and Clo11 which shared 89% 
nucleotide sequence identity and 95% amino acid sequence similarity within the 
conserved 174 EF-hand domain. The most dissimilar members of the wheat caleosins 
gene family were Clo10 and Clo4 which had 37% amino acid sequence identity and 
57% similarity within the conserved 174  amino acid EF-hand domain. The size of the 
proteins encoded by members of the gene family ranged from 198 to 302 amino acids. 
All members of the gene family are characterized by the presence of a single EF-hand 
calcium binding region of approximately 174 amino acids and a predicted 
transmembrane domain of 20 amino acids.  
Caleosin genes in Secale cereale and Hordeum vulgare 
 Ten full-length caleosin cDNA sequences in S. cereale (rye) were assembled 
from the Roche 454-cDNA sequence set. Only Caleosin 2 was not identified in our 
rye sequence set, though a 239 nt fragment of a gene with 97% sequence similarity to 
wheat Caleosin 2, is present in the whole genome shotgun sequence for rye 
(https://www.gabipd.org/ database/cgi-bin/Blast.pl.cgi) [24]. This indicats that all 11 
Clo genes are present in rye.The rye sequences showed between 90% and 99% 
sequence identity with their homologs in wheat within the coding region of each 
sequence. This high degree of similarity is common between wheat, barley, and rye, 
which are all members of the Triticeae tribe, as seen in the phylogenetic diagram in 
Figure 1. Ten full length cDNA sequences of caleosin genes were identified in H. 
vulgare. Seven of these were obtained from the non-redundant database at GenBank, 
one sequence was assembled from ESTs, and one sequence, Hv-Clo11, was 










































Figure 1.Molecular phylogenetic analysis of the caleosin gene families of T. 
aestivum, H. vulgare, B. distachyon, S. cereal, O. sativa, and A. thaliana amino 
acid sequences. The evolutionary history was inferred by using the maximum 
likelihood method based on the Whelan and Goldman model [18]. The tree with the 
highest log likelihood (-3638.1820) is shown. The tree is drawn to scale, with branch 
lengths measured in the number of substitutions per site. Brachypodium gene 
identifiers are taken from http://brachypodium.org/; rice IDs are from genBank and 




The latter sequence could not be confirmed independently, but sequence differences 
between the other nine FL sequences from barley and the assembly1-morex rcba, 
suggest Hv-Clo11 derived from the viroblast high through-put database may contain 
some inaccuracies. A Clo3 ortholog was not identified in the barley sequence 
databases.  
Caleosin genes in Brachypodium distachyon 
Ten caleosin genes were identified in B. distachyon, a species for which the 
complete genome sequence is available. Two of the sequences were modified by 
extending the ORF relative to the annotated sequence that is available for the 
Brachypodium genome. All contigs were verified as full-length by comparison to the 
wheat sequences, and open reading frames and protein sequences were obtained.  
Conserved structural elements 
The conserved domain in caleosins was identified by Batch CD Search Tool 
on NCBI and InterPro Scan for each paralogous group from T. aestivum, H. vulgare, 
and B. distachyon. Results were verified by comparing with the conservation score 
calculated by aligning multiple sequences with ClustalW2 [21]. The conserved EF-
hand calcium binding domain of 174 amino acids is common to all caleosins. This 
EF-hand motif is composed of 36 amino acids with a calcium chelation loop and 
calcium ligating residues. The DGSLFE box which is the putative Casein Kinase 
Phosphorylation site is also highly conserved [2]. The alignment of all peptide 
sequences from T. aestivum, H. vulgare, and B. distachyon using ClustalW revealed 
the presence of other less conserved motifs, including the GS loop, transcription 





Relative level of expression of caleosin gene family members in Triticum aestivum 
The relative level of expression of 34 caleosin gene family members was 
characterized in  T. aestivum by calculating the relative abundance of ESTs for each 
gene in the GenBank EST database using RNA-seq analysis. A total of 483 ESTs 
were aligned to the three homeologous copies of the eleven T. aestivum caleosin 
paralogs. The abundance of ESTs for the different paralogous groups in the T. 
aestivum database varied widely from a high of 136 representative ESTs for the Clo1 
group, to a low of 7 sequences for the Clo3 and Clo10 groups (Table 2); only Clo11-A 
had no corresponding EST sequence in the GenBank EST database. The ratio of 
expression among homeologous gene copies for each paralog showed an average of 
approximately three-fold between the most highly expressed copy and the least 
expressed gene. A few paralogous sets showed a greater degree of differential 
expression, most notably due to very low expression levels for single members of the 
group; for example, Clo4-B had only a single EST whereas Clo4-D had 19 ESTs; 
Clo11-A had no ESTs whereas Clo11-B had 7 hits in the EST database (Table 2).   
Tissue-specificity of rye and triticale caleosin paralogs 
The abundance of ESTs for ten rye caleosin genes as well as twenty-two genes 
from eleven paralogous groups assigned to the A and B subgenomes was investigated 
to assess their relative expression level in 454-cDNA libraries obtained from different 
rye and triticale tissues (Table S2). The data were normalized to take into account the 













per kb of gene length per million 454-cDNA reads (RPKM), and presented in Figures 
2 and 3, Additional file 3 (Figure S3), Additional file 4 (Figure S4), and Table 2A and 
2B.  
Caleosin gene family members were expressed in all tissues sampled, and 
most tissues showed the expression of several paralogous members of the gene 
family. In rye, expression of six or more caleosin gene members was detected in four 
of five tissues that were sampled (anther, crown, root and stem) (Figure 2); however, 
expression of only three caleosin members (Clo1, Clo5, and Clo11) was detected in 
rye pistil tissue, with the expression of Clo5 being dominant and Clo1 and Clo11 
being detected at very low levels (Figure 2). Most caleosin transcripts were detected 
in multiple tissues; however, Clo6 and Clo10 were only detected in anther tissue, both 
at relatively high levels, and Clo1 expression was detected only in pistil and root 
tissues and at very low levels (Figure 2 and Figure S3), demonstrating high tissue 
specificity for these caleosin members. In contrast, Clo5 was detected in all five 
tissues (Figure S3).   
Triticale showed a similar diversity of expression of all gene family members. 
Eight tissue types was sampled, and expression of eight or more caleosin gene 
members were detected in most of these tissues; however, expression of only four 
caleosin genes was detected in triticale ovary (Clo4, Clo5, Clo7, and Clo9), and 
pollen tissues (Clo2, Clo4, Clo5, and Clo6), and expression of only three caleosin 
genes (Clo4, Clo7, and Clo8) was detected in stigma tissue, with Clo7 expression 
being dominant (Figure 3).Expression of caleosins in the seed was dominated by 
relatively high levels of Clo1 and Clo2, and expression in pollen tissue was dominated 




or more different triticale tissues. Clo4 and Clo5 displayed a very broad tissue 






































Figure 2. The relative level of expression of ten caleosin gene family members 
measured in a panel of rye tissues. The expression of caleosin gene family members 
was estimated in 454 cDNA sequence libraries from anther, crown, pistil, root and 
stem rye tissues using RNA-seq analysis. The aligned 454-cDNAs to each caleosin 
member were counted, then normalized based on gene lengths and library depths 








































Figure 3. The relative level of expression of eleven caleosin paralogs measured in 
a panel of triticale tissues. The expression of thirty-two caleosin gene family 
members was individually measured in 454 cDNA sequence libraries from anther, 
ovary, pollen, root, seed, seedling, stem and stigma triticale tissues using RNA-seq 
analysis. The aligned 454-cDNAs to each caleosin member were counted, then 
normalized based on gene lengths and library depths using RPKM method. The 
expression of each paralog is subdivided into expression of each of the three 
homeologs, visualized as black bars for the R subgenome, grey for the B subgenome, 





Conversely, Clo3 and Clo6 showed very high expression levels specifically in 
seedling and pollen tissues, respectively, and Clo1 was observed to be primarily 
expressed in seed and seedlings (Figure S4). Therefore, there is tissue specificity for 
certain caleosin members, as was observed with expression in rye tissues. Overall, 
these results demonstrate a very diverse pattern of tissue-specific expression of the 
caleosin genes. (Figure 4A).Clo4 was detected at a low level in rye roots, but Clo4-R 
was not detected in triticale (Figure 4A).  
The effect of polyploidization on the expression of R subgenome caleosins 
Three tissue types were sampled for both rye, and triticale which included 
root, stem and anther. This facilitated the comparison of the R genome homeologs in 
both the rye and triticale genetic background, and examination of the effect of 
polyploidization on R gene copies. In roots, the pattern of gene expression of rye 
genes that were highly expressed in rye was maintained in triticale. Clo9, which was a 
highly expressed gene in both species, showed expression of all three homeologs at 
near equal levels in triticale (Figure 4A). Whereas Clo7, also highly expressed in the 
roots of both species, had relatively high levels of expression of the R gene copy in 
triticale, but much lower expression levels of the A gene copy compared to the other 
two homeologs (Figure 4A). For genes with low levels of expression only one 
member of the homeologous group was detected in most cases; due to the common 
disparity of expression of homeologs as seen in T. aestivum, this may be simply a 
reflection of small sample size. Transcripts of the wheat homeologs of Clo5 were not 
detected in the roots of triticale, though the rye homeolog was detected at a moderate 








































Figure 4.A comparison of Clo gene expression in rye and triticale, to assay the 
changes in gene expression as a result of polyploidization.The expression of 
caleosin gene family members measured using RNA-seq analysis in the root (A), stem 
(B), and anther (C) of rye and triticale, respectively. The aligned 454-cDNAs to each 
caleosin member were counted, then normalized based on gene lengths and library 
depths using RPKM method. The expression of each paralog is subdivided into 
expression of each of the three homeologs for triticale (T), visualized as black bars for 
the R subgenome, grey for the B subgenome, and white for the A subgenome. The 




Stem tissue, in general, had similar patterns of expression in rye and triticale 
and all three homeologs were expressed (Figure 4B). The most striking exception was 
Clo11-R, which was the most highly expressed caleosin in rye stems, but was 
expressed at low levels in triticale. Clo11-B was expressed at very low levels and 
Clo11-A was not detected (Figure 4B). Clo4-R was not detected in rye stem tissue but 
was expressed in moderate levels in triticale stems, thus Clo11-R appears to have been 
suppressed and Clo4-R appears to have been activated by the polyploidization event. 
In anther tissue, the relative level of expression of all caleosin genes was lower 
in triticale than in rye. Though the pattern of expression among gene family members 
was similar in the two species (Figure 4C) several of the genes showed marked 
differences. Clo11-R was highly expressed in rye, but expressed at lower levels in 
triticale in the stem and anther, and the A and B wheat homeolog were not detected at 
all (Figure 4C). Clo10-R was highly expressed in rye, and completely suppressed in 
triticale, indicating a loss of expression in the R genome of triticale in anthers (Figure 
4C). In triticale, Clo7-A and Clo7-R had relatively high expression, but Clo7-B was 
represented by a single read (Figure 4C). Clo8-R was detected in rye anthers but not 
in triticale anthers; however, the level of expression was relatively low in rye, thus the 






The caleosin gene family 
The 11 paralogous groups of caleosin genes present in T. aestivum represent 
the largest gene family for caleosins among the seven species included in this 
analysis. Though the entire wheat genome has not been completely sequenced, the 
description of the caleosin gene family appears to be complete or nearly so, since 
orthologs of all caleosins detected in rye, barley and Brachypodium were also found 
in wheat. In addition, three homeologous copies for each paralogous group were 
detected in wheat as well as a fourth member of the Clo10 group. All 32 of the wheat 
caleosin genes identified in the EST databases at GenBank were also identified in the 
WSS and two additional genes, Clo4-B and Clo11-A, that were not represented in the 
T. aestivum EST database at GenBank were identified in the WSS. This indicates that 
the depth of the WSS is very robust. The wheat caleosin genes were also represented 
in the whole genome sequencing database (Genbank Whole-genome shotgun contigs 
database) [25], though the sequences were fragmentary and did not cover the full 
length CDS. Brachypodium, which is the most closely related monocot species with a 
completed and annotated genome sequence available, has seven caleosin genes and 
rice has six caleosin genes. All caleosin genes in rice and Brachypodium have 
orthologous sequences in wheat, as judged by sequence similarity, and seen in the 
phylogram in Figure 1. Since these more distantly related species have gene family 
members which share branches throughout the tree with sequences from wheat, it 
seems that the representation of caleosins from wheat is likely complete. The larger 
number of caleosin genes in wheat, supported by sequences from rye and barley, and 
the representation of genes from Oryza on the major sub-branches in the phylogram 




from the Oryza, and before the separation of the three wheat progenitor species from 
each other. These duplications in the Triticeae lineage after the separation from rice 
are the Clo3 and Clo4 duplication, the Clo5 and Clo6 duplication, the Clo7 and Clo8 
duplication, and the Clo2 and Clo10 duplication, and subsequently the Clo10 and 
Clo11 duplication. The localization of these putative gene duplications on the same 
chromosomes supports this notion, since gene duplications often occur as tandem 
duplications [26], though further investigation would be required to demonstrate that 
the duplications were in tandem. Hv-Clo3 was not identified in the barley data sets in 
GenBank; this may represent gene loss, loss of gene expression or may be due to 
incomplete transcriptome or genome sequence from these species in the current 
databases. The lack of a full length sequence for rye Clo2, but the presence of a gene 
sequence fragment for it in a high through-put sequence database is indicative of the 
advanced but still incomplete state of the sequencing for these species. The length of 
the branches in Figure 1, are scaled according to amino acid differences between 
sequences, thus providing an estimate of evolutionary distance. The duplication of 
Clo10 and Clo11 appears to have happened more recently than the other duplications, 
and the presence of Clo10 and Clo11 only in wheat, rye and barley provides 
supporting evidence for recent duplication. A similar evolutionary pattern is also 
observed for Clo5 and Clo6, though that duplication appears to be older than the 
Clo10, Clo11 duplication.   
In Brachypodium, Bd-Clo1 and two copies of Clo2 (Bd-Clo2-A, and Bd-Clo2-
B) [http://brachypodium.org; Bradi5g15410, Bradi5g15417, and Bradi5g15427] are 
identified as tandem duplications. In addition, Bd-Clo3-A [Bradi1g70390] and Bd-
Clo4 [Bradi1g70400] are also adjacent to each other. However Clo3-A and Clo3-B 




linked. Brachypodium provides evidence for both recent and old tandem duplications 
for caleosins as well as relatively recent non-tandem duplications. Arabidopsis’ 
caleosin genes are largely clustered together in the phylogenetic tree suggesting that 
the gene duplication events occurred independently in the monocotyledonous and 
dicotyledonous branches of the tree. 
Variation of caleosin gene expression in plant tissues 
The diverse expression profile of the caleosin genes in rye and triticale tissues 
suggests that these calcium binding proteins likely play a broad role during plant 
development. Whereas some caleosins , such as Clo6, exhibited more restricted, 
tissue-specific patterns of expression, others such as Clo5, were expressed in virtually 
all rye and triticale tissues sampled. It is, therefore, conceivable that some caleosins 
may have a more general, ‘housekeeping’ role in most plant tissues and cell types, 
whereas other caleosins may have tissue- and cell-type specific roles in signaling and 
regulation during plant development. Evidence that Clo3 in wheat acts as a GAP for 
the α subunit of the heterotrimeric G protein [1], raises the possibility that members of 
the gene family may play key roles in signaling. The expression of other calcium-
binding proteins in plants that function in all cell types or that have more restricted, 
tissue-specific functions, have been previously reported. For example, calmodulin, the 
predominant Ca
2+
 sensor, plays a critical role in decoding Ca
2+
 signatures into proper 
cellular responses in numerous tissue types and cellular compartments in eukaryotes 
[27]. Six members of the calmodulin-like protein gene family are expressed in a 
developmentally controlled pattern during nodulation in the roots of Medicago 
truncatula [28], and a kinesin-like calmodulin-binding protein, was found to be 




Although T. aestivumClo3 was found to be expressed in several triticale and 
rye tissues, only a single read was detected in the roots of both species, and there was 
no expression in several triticale tissues, including seeds. Though these results are in 
agreement with previous work [2], demonstrating that the expression of At-Clo3, the 
ortholog of Ta-Clo3, was undetectable in Arabidopsis root and mature seed using 
northern analysis, we have detected expression in Arabidopsis in response to abscisic 
acid treatment (unpublished observations) using transgenic plants with promoter:Gus 
gene constructs. This underscores the difficulties of tissue-specific expression 
analysis, since expression can be regulated developmentally, as well as by other 
factors such as environmental conditions and hormonal responses, and may not be 
identified in the limited tissue samples that are represented in the cDNA sequence 
databases.    
 Interestingly, the gene expression results demonstrate the effect of 
polyploidization on the expression of R subgenome caleosins. The effect of 
polyploidization was clearly observed in the case of several caleosins, such as the 
expression of the rye homeologs Clo4-R, Clo8-R and Clo10-R, in triticale. The rye 
Clo4-R homeolog appeared to be completely suppressed in the roots, and rye Clo8-R 
and Clo10-R homeologs were found to be suppressed in anthers, although expression 
of these caleosins was relatively high in the corresponding rye tissues. Tissue-specific 
silencing of homeologs from one of the genomes of polyploid species has been 
reported in other allopolyploids including Tragopogon miscellus[30], and Gossypium 
hirsutum [31], though the mechanisms that lead to suppression are somewhat 
speculative at this point. Since these genes are expressed in other triticale tissues, 




to chromatin remodelling or the incompatibility of signaling and regulation pathways 
of parental genomes in newly derived polyploids warrants investigation. 
3.7.   Conclusion 
An apparent full set of wheat caleosin gene sequences was acquired as full 
length cDNAs, the open reading frames were identified, and the peptide sequences 
were obtained. The gene sequences were confirmed with the WSS database. One 
member of the caleosin gene family, Clo3, has previously been identified as a stress 
inducible gene encoding a Ca
2+
 binding protein that acts as a negative regulator of the 
α subunit of the heterotrimeric G protein GA3 [1]. The identification and full 
description of the gene family for caleosins can be a significant step in further 
investigating the role of members of this gene family in signaling and regulation. The 
very diverse pattern of tissue-specific expression indicates a potential for a very broad 
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Figure S1. RNA-seq workflow used to measure the abundance of caleosin gene 
family members in T. aestivum GenBank EST database and in thirteen rye and 
triticale 454-cDNA libraries expressed in different tissues. Quality control of 454-
cDNA reads was performed using the tools that have been simplified by free browser-
based access through Galaxy server [19]. This step involved converting 454-sff 
format to fastq format, trimming low quality reads using FASTQ quality trimmer, and 
masking low quality score nucleotides using FASTQ masker. High quality rye and 
triticale 454-cDNA reads obtained from different tissues were aligned to caleosin 
gene family FL-cDNAs using BWA-SW aligner. The expression of each gene was 
normalized using RPKM normalization method. RNA-seq was used to calculate the 












































Figure S2. Molecular phylogenetic analysis by maximum likelihood method of T. 
aestivum caleosin nucleotide sequences. The evolutionary history was inferred by 
using the maximum likelihood method based on the Jukes-Cantor model [17]. The 
tree with the highest log likelihood (-6347.7079) is shown. The tree is drawn to scale, 
with branch lengths measured in the number of substitutions per site. The number of 


































Figure S3. A representation of the expression abundance of ten caleosin gene 
family members in five different rye tissues.The expression of caleosin gene family 
members was estimated in anther, crown, pistil, root and stem rye tissues using RNA-
seq analysis. The aligned 454-cDNAs to each caleosin member were counted, then 































Figure S4. A representation of the expression abundance of eleven caleosin gene 
family members in eight different triticale tissues.The expression of thirty-two 
caleosin gene family members was individually measured in anther, ovary, pollen, 
root, seed, seedling, stem and stigma triticale tissue using RNA-seq analysis. The 
aligned 454-cDNAs to each caleosin member were counted, then normalized based on 
gene lengths and library depths using RPKM method. The total expression of the 
three homeologs was combined to graph the expression of each paralog, except Clo2 






Table S1. Summary of454-cDNA libraries obtained from rye and 
triticale tissues. 
Plant Tissue No. of 454-cDNAs Read Length Average (nt) 
Rye Anther 694529 343 
 
Crown 379863 392 
 
Pistil 864151 313 
 
Root 1664768 365 
 
Stem 924268 365 
    Triticale Anther 1129578 365 
 
Ovary 393743 329 
 
Pollen 550758 372 
 
Root 371416 474 
 
Seed 611062 430 
 
Seedling 1550183 350 
 
Stem 1771253 323 






Table S2. The impact of polyploidization on triticale caleosin gene family members 
assigned to the R subgenome. 
 
    
Rye Expression  
R
a
 Expression in 
Triticale 
    









Clo4 Root 8 4.57 0 0 Suppression 
 
Clo7 Root 39 26.29 3 9.07 ↓ Expression 3 
Clo9 Root 137 74.53 6 14.96 ↓ Expression 5 
        
Clo1 Stem 0 0 3 1.37 
Novel 
Expression   
Clo3 Stem 17 23.11 12 8.51 ↓ Expression 5 
Clo4 Stem 0 0 30 16.1 
Novel 
Expression  
Clo5  Stem 6 7.02 3 1.83 ↓ Expression 4 
Clo11 Stem 61 59.35 7 3.55 ↓ Expression 17 
        
Clo5 Anther 30 46.7 9 8.61 ↓ Expression 5 
Clo6 Anther 101 159.28 6 5.82 ↓ Expression 27 
Clo8 Anther 6 11.13 0 0 Suppression 
 
Clo10 Anther 67 105.78 0 0 Suppression   
a
Rye subgenome  
b





Chapter 4.Identification of rye genes silenced and deleted from rye 
genome in allohexaploid triticale:  the nature of rye homeologs prone to be 
suppressed 
4.1.    Outline and contribution of colleagues 
Chapter 4 of the thesis is a study of the impact of polyploidization on gene 
expression in triticale.  The expression of 23,503 rye cDNA contigs obtained from the 
Canadian Triticale Biorefinery Initiative (CTBI) project were compared in the same 
tissues in both rye and triticale.  High throughput cDNA sequence comparisons 
between the diploid rye and the hexaploid triticale detected suppression of expression 
of approximately 2% of rye genes surveyed in the triticale allopolyploid.  The 
expressions of 23,503 rye cDNA contigs was analyzed in 454-cDNA libraries 
obtained from anther, root and stem from both triticale and rye as well as in five 454-
cDNA data sets created from ovary, pollen, seed, seedling shoot and stigma from 
triticale.  Among these, 112 rye cDNA contigs were found to be totally suppressed in 
all triticale tissues, although their expression was relatively high in rye tissues.  PCR 
assays showed that 6 out of 10 candidate suppressed genes were deleted from the 
triticale genome.  The comparison of rye genes silenced in triticale and the rye 
random set, a control set consisting of 200 sequencesto the T. aestivum, T. urartu and 
Ag. tauchigenomes revealed that the degree of similarity in rye genes silenced in 
triticale was significantly lower than the global average similarity compared to the 
tested set of 200 rye genes.I carried out all the bioinformatic and gene ontology 
analyses. M. Ehdaeivand and I contributed equally to the PCR and RT-PCR 
confirmation of gene deletion or suppression. Dr. Gulick and I designed, wrote and 
revised the manuscript.  I expect to submit this manuscript for publication at the end 





4.2.   Abstract 
Background 
One of the most important evolutionary processes in plants is polyploidization.  
Some polyploids are preadapted to the unification of two or more different genomes 
into one cell by rapid and reproducible gene suppression and elimination.  The 
synthetic triticale,Triticosecale, is an intergeneric allohexaploid plant generated from 
Triticum durum (Triticum turgidum) and rye (Secale cereale).  Molecular 
investigations reported DNA elimination of repetitive DNA and low-copy sequences 
from the rye genome in triticale (Ma et al., 2004; Ma and Gustafson, 2006).  The 
mechanisms behind these significant changes in the rye genome in allohexaploid 
triticale call for new tools to provide a clearer understanding of these genetic changes.  
The new technologies of high-throughput DNA sequencing offer a particular 
advantage over other types of analysis in that a large number of genes can be 
surveyed and the sequence of the transcript provides a clear way to distinguish 
transcripts from the different homeologous copies of the genes.  Transcription profiles 
were compared using rye reference assemblies to compare the transcription levels of 
rye genes in triticale and rye tissues to identify the classes of rye genes silenced and 
deleted genes in triticale. 
Results 
 High-throughput cDNA sequence comparisons between the diploid rye and 
the hexaploid triticale detected suppression of expression of approximately 2% of rye 
genes surveyed in triticale.  The expression levels of 23,503 rye cDNA reference 
contigs were analyzed in 454-cDNA libraries obtained from anther, root and stem 
from both triticale and rye as well as in five 454-cDNA data sets created from ovary, 




contigs were found to be totally suppressed in all triticale tissues, although their 
expressions were relatively high in rye tissues.  Suppressed rye genes were found to 
be strikingly less similar to their closest BLASTN matches in the wheat genome than 
random rye genes, a test set of 200 rye genes.  The comparison of rye silenced genes 
in triticale and the rye control setto the International Wheat Genome Survey 
Consortium, Wheat Survey Sequence database (IWGSC-WSS), revealed that 89% of 
the rye genes silenced in triticale do not have a best match in T. aestivum with 
sequence identity higher than 90%, while only 41% of random rye contigs had best 
matches with such low sequence similarity in wheat.  The comparisons to diploid 
wheat ancestors, T. urartu and Ag.tauschiidraftgenomes, were consistent with the 
wheat genome survey database comparison observation.  PCR assays showed that six 
out of ten candidate suppressed genes were deleted from the triticale genome.  
Conclusion 
The strikingly low similarity between suppressed rye sequences and their 
closest matches in wheat genomes suggests gene deletion or suppression involved in 
the recognition of non-similar sequences in the allopolyploid genome.  The 
comparison analyses of these genes to wheat genomes indicated a bias for the 






4.3.   Background 
 The cause of the striking alteration of plant genomes after allopolyploidization 
has been a central question in allopolyploid genome evolution.  In general, the initial 
combination of two or more genomes in one organism is accompanied by 
considerable genomic reorganization and widespread changes in gene expression 
relative to that of the parental species.  Plants, unlike animals, tolerate the changes 
subsequent to interspecific genome hybridization and chromosome duplication such 
that polyploidy is relatively common among plant species.  The studies of 
paleopolyploids indicate the diploidization process involves major genome 
rearrangements including chromosome loss (Lysak et al., 2006), reduction in 
chromosome number by various forms of chromosome fusion and rearrangements, 
gene loss (Madlunget al., 2005), changes of gene expression (Lee and Chen, 2001) 
and in some cases genome expansion (Renny-Byfield et al., 2013).  More recent 
polyploids such as Triticum and Brassica species thought to have formed (0.5 MYA) 
and (5,000-10,000 YA), respectively, maintain polyploid chromosome numbers but 
have diploid chromosome pairing patterns during meiosis.  The genomes maintain 
synteny, but they nevertheless undergo gene loss (Feldman et al., 1997; Song et al., 
1995), suppression (Kashkush et al., 2002), inversion (Brubaker et al., 1999) and 
translocation events (Maestra and Naranjo, 1999). 
 Although the mechanisms of gene suppression and elimination are still 
unknown, several studies have found that these changes occur rapidly and more 
frequently in one parental genome of an allotetraploid as reported for Triticum 
(Kashkush et al., 2002; Feldman and Levy, 2009), Tragopogon (Tate et al., 2009; 
Koh et al., 2010) and Gossypium (Adams et al., 2004).  The preferential control of 




apparently not random in allopolyploids and natural selection for balanced gene 
dosage effects have a strong impact on this process.  Phenotypic comparisons of 
allotetraploid and allohexaploid wheat, and their diploid parents indicated that genes 
controlling traits related to domestication such as autogamy, non-brittle spike, free-
threshing glumes, and large kernel size are predominately controlled by genes of the 
A genome and, in contrast, the B and D genomes, preferentially control biotic and 
abiotic stress-regulated gene expression (reviewed in Feldman and Levy, 2009 and in 
Feldman et al., 2012). 
 A significant degree of genome alteration occurs directly after 
allopolyploidizations.  The nuclear amount of both natural and newly generated wheat 
was found to be 2-10 % less than the sum of the amount of DNA of their parents 
(Eilam et al., 2008; Eilam et al., 2010).  The synthetic allopolyploid triticale has a 
genome structure similar to hexaploid bread wheat except that it has rye as one of its 
progenitors (Figure 1).  This hexaploid genome was found to have a higher degree of 
DNA reduction with measurements of DNA loss in the range of 22-30 % (Boyko et 
al., 1988; Bennet and Leitch, 2011).  Hence, understanding what controls DNA loss in 
allopolyploids would become clearer with further study of wide hybridizations, since 
deletions occur at high frequencies.  The recent allopolyploid, triticale, is a useful 
model for identifying these rapid changes at both the level of gene expression and 
genomic restructuring soon after allopolyploidization.   
 Molecular techniques have been developed to facilitate the global estimation 
of homeolog suppression in both natural and synthetic allopolyploids.  The percentage 
of suppressed genes varies from one study to another, probably as a result of 
methodological differences.  One of these methods, cDNA-AFLP, a qualitative 




silencing in several synthetic allopolyploids.  These studies found gene silencing for 
approximately 5% of genes in allopolyploid cotton (Adams et al., 2004), between 1% 
and 5%  of genes in allotetraploid wheat (Kashkush et al., 2002) and 0.4% of genes in 





In addition, these studies detected changes of tissue specific gene expression, 
termedsubfunctionalization (Adams et al., 2004).  More recently, comparative gene 
expression studies by microarray analysis revealed that 19% of the genes analyzed in 
wheat showed differential expression between homeologous gene copies (Akunovaet 
al., 2010).  Microarrays and cDNA-AFLP analyses are highly sensitive tools used in 
several molecular studies to detect changes of gene expressions in polyploids, 
however, these methods are technically demanding, especially in the analysis of a 
large number of bands in AFLP and the variability of fluorescent signals in 
microarrays.  Estimating gene expression using second generation high-throughput 
cDNA sequencing techniques offers the advantage of increasing the accuracy of 
transcript identification directly from the sequence rather than by DNA or RNA 
hybridization, thus next-generation sequencing data help to overcome limitations of 
these previous techniques.  Here, we are investigating the impact of 
allopolyplodization on the rye coding sequences in the triticale transcriptome at a high 
level of resolution using second generation Roche 454-cDNA, a high-throughput 
cDNA sequencing technology.  The next generation sequencing data are a particularly 
important advancement for analysis of polyploids such as wheat or triticale, since 
homeologous genes have very high sequence similarity and often cannot readily be 
distinguished by hybridization techniques.  A comparison of the transcription level of 
23,503 rye reference contig assemblies between triticale and rye tissues can shed light 






4.4.   Results and Discussion 
Rye silent genes in triticale 
 A comparison between the hexaploid triticale and diploid rye 454 high-
throughput RNA-seq profiling data detected suppression of expression in approximate 
2% of genes surveyed in the triticale that originated from its rye background.  The 
expression of genes of a reference set of 23,503 rye cDNA assemblies was analyzed 
in 454-cDNA libraries obtained from anther, root and stem of both triticale and rye as 
well as from five triticale data sets created from ovary, pollen, seed, seedling shoot 
and stigma (Additional File 1:  Figure S1).  There were 465 genes whose expression 
was detected in rye but were not found in any of the eight triticale libraries used in the 
study.  Further analysis was narrowed to a smaller subset of genes that had relatively 
high expression in rye, namely 112 rye genes that were represented by at least 10 
transcripts in at least one of the rye tissues but which were completely absent among 
the 6,674,733 triticale 454 reads. 
Rye sequence comparison to Triticum and Aegilops databases 
 To investigate the potential relationship between the triticale genes from the 
rye sub-genome that were silenced in the allopolyploid, the corresponding rye contigs 
were compared to the genome sequence assemblies from T. aestivum.  The 
comparison revealed the striking feature that most of the rye genes silenced in triticale 
did not have a close homolog in T. aestivum, indicating that they apparently do not 
have a homeologous copy in triticale.  The distribution of the percent identity between 
the 112 silenced rye genes to their closest matches in the A and B genomes was 
significantly lower than a parallel comparison of a set of 200 randomly selected rye 
genes (Figure 2A).  A comparison of rye silenced genes in triticale to (IWGSC-WSS) 








triticale do not have a best match in T. aestivum with sequence identity higher than 
90%, whereas 59% of random rye contigs have a best hit of 90% or higher in T. 
aestivum (Figure 2A).  The averageDNA sequence identity between rye genes 
suppressed in triticale and their most similar contigs in the A and B genomes in T. 
aestivum was only 81%.  This degree of identity was significantly lower than the 
global average of 91% identity between the set of 200 randomly selected rye genes 
and their best matches in the A and B genomes of T. aestivum.  There appears to be a 
bias for the suppression of rye genes that do not have a close homeolog in the 
Triticum genome.  Previous studies of well-characterized gene families in the triticale 
found sequence identity between homeologous sequences to be in the range of 95-97 
%.  Ten members of the caleosin gene family in rye ranged from 99% to 90% 
identical to their orthologs in T. aestivum (Pham et al., unpublished).  This degree of 
identity is similar to that between homeologous gene copies from the A, B and D 
genomes of T. aestivum and their orthologs in Hordeum vulgare, another member of 
the Triticeae.  Members of the α-tubulin gene family show similarly high levels of 
similarity between homeologous gene copies within T. aestivum, (Ridha-Farajalla and 
Gulick, 2007).  The examples of these two well-studied gene families as well as the 
data from the 200 random set of rye genes indicate that most of the rye genes silenced 
in triticale do not appear to have homeologous gene copies from the A and B 
genomes.  
 The hypothesis that wheat genes that had lower than 90% identity with rye 
silent genes are not homeologous copies of the rye genes was further investigated.We 
compared high scoring hits among the wheat sequences back to the rye gene reference 
set, the 23,503 rye assemblies, to determine if they had matches that were more 




the T. aestivum GenBank EST database, subsequently we compared the highest 
scoring wheat hits that had lower than 90% identity back to the rye reference set.  
Though the number of hits in the wheat EST database was relative modest, some 29 
wheat ESTs, it showed that 34% of these had matches higher than 95% identity in the 
rye reference set, 66% had a match with higher than 90% identity and 62% had 
matches with percent identity higher than the identity of the initial match between the 
silent rye gene and the wheat EST.  Since the wheat EST hit by the silent rye gene has 
a closer match in the rye reference sequence set, it is apparent that the initial wheat 
EST hit does not represent the homeolog of the rye silent gene, and by extension the 
highest hit in the IWGSC-WSS database that is lower than 90% identity, is not a 
homeolog to the rye gene (Additional File2:  Table S1).  The threshold for 
distinguishing homeologs may be higher, near 95%, but it is not possible to define this 
distinction with the present data.  The depth of the T. aestivum GenBank EST 
database is somewhat limited, since most of the silent genes had no match in the 
database above default parameters, however, this pattern of gene identity supports the 
hypothesis that most of the rye silent genes whose highest matches have less than 
90% identity in the wheat genome do not have a homeologous gene copy in the wheat 
genome. 
 These results give rise to an empirical question:  Do rye suppressed genes in 
triticale appear to lack their homeologs because the comparisons were T. aestivum-
based analyses?  This genome has experienced two allopolyploidizations, so these 
types of genes might be selectively lost following polyploidization and thus were 
previously eliminated from the T. aestivum genome.  In addition, the triticale analyzed 
here is derived from T. trugidum, which carries only the A and B genomes.  The 




data sets available for T. aestivum are far larger than those for other Triticum species.  
To investigate this question, the same comparison between rye silenced genes in 
triticale and the rye random set was performed with the draft genomes of two of the 
diploid progenitors of T. aestivum.  The draft genome of T. urartu, the A genome 
donor, includes 499,222 scaffolds (Ling et al., 2013), and Ag. tausshii, the D genome 
donor, include 429,893 scaffolds (Jia et al., 2013); both are available in the GenBank 
NR database.  Although both data sets have less depth than that of T. aestivum, the 
comparisons support the previous observations based on T. aestivum; only 19% and 
14 % of the rye silenced genes had matches with 90% or higher sequence similarity in 
A or D genome, respectively, whereas approximately 59% and 63 % of the randomly 
selected rye control set of genes had matches with high degrees of identity in the A 
and D genomes (Figure 3A and 3B). 
Gene descriptions and ontologies of rye silent sequences in triticale 
 A comparison of the 112 silenced rye gene assemblies to the GenBank NR 
databases though the BLAST2GO workstation (Conesa et al., 2005), resulted in 60 
contigs with significant similarity with GenBank protein sequences (Table 1) and 
those without a match in the protein database are tabulated in Additional File 2: Table 
S2.  The ontology of the rye silent genes that found through Blastx search in the 
GenBank NR database was varied, but most of these code for proteins with catalytic 
activity and proteins with binding activity, especially nucleotide-binding and ion-
binding proteins (Additional File 1:  Figure S2).  The BLASTX results revealed five 
rye disease resistance genes with a NB-ARC domain, a novel nucleotide-binding 
signalling motif shared by plant disease resistance gene products and regulators of cell 
death in animals,suppressed in all triticale tissues that were sampled.  In contrast, the 




expressed in rye stem and their abundance ranged from 48.6 (RPKM) to 13.9 
(RPKM).  The proteins most similar to R20, R19, R1, R11 and R8, in the GenBank 
NR database were encoded by disease resistance genes RGA1 (GB: EMT10593.1), 
and RGA3 (GB: EMT03843.1) from Ag. tauschii, and two disease resistance genes.  
RPP13 from the same T. urartu (GB: EMS68441.1) and RPP13 from Ag. tauschii 






















R1 Disease resistance 
protein RPP13 




1 1.46E-13 0.74 Stem 98 39.4 
R3 vacuolar-
processing enzyme 
100 4.35E-53 0.6262 Stem 127 38.2 
R4 Hypothetical 
protein  
1 2.27E-17 0.54 Stem 96 34.7 









antiporter 36 2.52E-24 0.6236 Stem 27 23.7 
R7 Coatomer subunit 
delta 
13 2.69E-13 0.8462 Stem 19 21.7 
R8 Disease resistance 
protein RPM1 
100 0 0.6127 Stem 54 21.7 
R9 U3 small nucleolar 
RNA-associated 
protein 18-like  
77 1.79E-93 0.4681 Stem 28 20.7 
R10 SKP1-like protein 
1A 
100 1.2E-163 0.7212 Stem 30 20.5 
R11 Disease resistance 
protein RPP13 
100 2.8E-107 0.7074 Stem 16 19.1 
R12 Hypothetical 
protein  
3 2.83E-15 0.52 Stem 26 18.4 
R13 Hypothetical 
protein  
1 1.3E-16 0.75 Stem 46 17.7 
R14 Protein far1-related 
sequence 5 
16 3.12E-23 0.5981 Stem 24 17.3 
R15 Protein 100 0 0.5356 Stem 29 17.1 
R16 Fact complex 
subunit SPT16 
100 4.3E-129 0.6229 Stem 16 16.8 
R17 Predicted protein 2 5.99E-17 0.63 Stem 18 14.3 
a
 Annotation based on BLAST2GO with minimum E value of e-10 and a maximum of 
100 hits.  
b
 Number of hits using a maximum of 100 hits as a threshold 
c
 Minmum   
d























R18 MDR-like ABC 
transporter 
14 1.94E-17 0.9443 Stem 14 14.2 
R19 Disease resistance 
protein RGA1 
100 4.5E-155 0.632 Stem 27 14.0 
R20 Powdery mildew 
resistance protein 
PM3 variant 





7 2.78E-29 0.6171 Stem 17 13.7 
R22 Hypothetical 
protein  
7 1.43E-41 0.5757 Stem 15 12.4 
R23 DNA excision 
repair protein 
ERCC-6-like 
100 1.5E-103 0.5359 Stem 21 12.1 
R24 Hypothetical 
protein  
5 2.96E-15 0.844 Stem 15 10.6 
R25 Protein far1-related 
sequence 5-like 





2 1.57E-23 0.66 Stem 10 8.6 
R27 Protein 100 0 0.4725 Stem 11 7.5 
R28 Hypothetical 
protein  











100 0 0.5905 Root 26 84.0 
R30 Protein 100 6.68E-59 0.6094 Root 17 69.2 
R31 Chitinase 100 1.8E-103 0.825 Root 14 68.0 
R32 Jasmonate-induced 
protein 
100 2.54E-65 0.5075 Root 15 66.9 
a
 Annotation based on BLAST2GO with minimum E value of e-10 and a maximum of 
100 hits.  
b
 Number of hits using a maximum of 100 hits as a threshold 
c
 Minmum   
d


























100 1.3E-172 0.6018 Root 13 51.0 
R34 Esterase 100 0 0.6574 Root 12 44.9 
R35 Hypothetical 
protein  
1 3.98E-16 0.62 Root 19 42.5 
R36 Hypothetical 
protein  
2 3.2E-54 0.565 Root 16 41.2 
R37 Cytochrome P450 100 0 0.6591 Root 11 34.7 
R38 Fusion protein 18 0 0.6222 Root 13 20.8 
R39 Hypothetical 
protein  
1 9.51E-67 0.49 Anther 364 316.4 
R40 AF111710_1 
DNAJ-like protein 
13 8.86E-87 0.5962 Anther 180 225.3 
R41 F-box domain 
containing protein 
76 1.17E-96 0.4496 Anther 154 182.2 
R42 Hypothetical 
protein  
25 0 0.516 Anther 104 96.0 
R43 F-box domain 
containing protein 
43 1.7E-86 0.533 Anther 62 84.7 
R44 Hypothetical 
protein  
7 3.35E-20 0.5429 Anther 80 49.0 
R45 Hypothetical 
protein  
1 2.33E-70 0.8 Anther 42 43.5 
R46 Retrotransposon 
unclassified 





13 3.85E-27 0.8531 Anther 27 41.1 
R48 Protein 100 1.33E-77 0.6174 Anther 25 35.3 
R49 60s ribosomal 
protein l7 
7 1.86E-13 0.6343 Anther 24 30.0 
R50 AC098566_17 4 
protein 
10 7.49E-30 0.589 Anther 22 24.4 
a
 Annotation based on BLAST2GO with minimum E value of e-10 and a maximum of 
100 hits.  
b
 Number of hits using a maximum of 100 hits as a threshold 
c
 Minmum   
d


























100 2.44E-42 0.5816 Anther 15 17.6 




4 2.02E-82 0.68 Anther 16 14.5 
R54 Cysteine proteinase 
RD21a-like 
11 1.41E-12 0.9336 Anther 18 14.0 
R55 F-box domain 
containing protein 
42 7.97E-20 0.549 Anther 12 13.8 
R56 Os10g0520400 18 1E-106 0.5867 Anther 11 13.8 
R57 protein far1-related 
sequence 5 
25 8.57E-35 0.6664 Anther 13 13.8 
R58 UPF0481 protein 
at3g47200-like 
100 3.4E-147 0.6089 Anther 13 13.1 
R59 Hypothetical 
protein  
1 2.15E-11 0.81 Anther 10 12.9 
R60 Horma domain-
containing protein 
65 1.01E-57 0.6422 Anther 10 10.5 
a
 Annotation based on BLAST2GO with minimum E value of e-10 and a maximum of 
100 hits.  
b
 Number of hits using a maximum of 100 hits as a threshold 
c
 Minmum   
d






Plant resistance genes (R genes) have been reported to be eliminated by 
alloployploidization.  Genomic analyses in Arabidopsis, cotton and soybean indicated 
that these genes, especially Nucleotide Binding-LeucineRich Repeat (NB-LRR) 
genes, were preferentially lost following polyploidyzation (Cannon et al., 2004; Nobuta 
et al., 2005; Zhang et al., 2011).  
Rye silent genes likely to be deleted from triticale genome 
To determine if the cause of the suppression of gene expression of rye genes in 
the triticale background could be gene deletion, a PCR assay was performed using 
primer sets derived from ten rye genes found to be suppressed in the survey of the 
454-expression profile.  PCR amplification was carried out on the genomic DNA of 
two cultivars of triticale (Pika and AC Certa). Control assays were done with two rye 
cultivars (Prima and Muskateer) and two cultivars of T. aestivum (winter and spring 
cultivars of Anza).  Six out of ten rye candidate suppressed genes were found to be 
absent from the triticale genomes, although they were present in the rye cultivars 
(Figure 4); wheat cultivars showed no amplification products, as expected, since 
closely matching sequences were not found in wheat.  The rye genes, R9, R11, R15, 
R16, R32 and R40, were deleted from both triticale cultivars. 
 RT-PCR analysis was performed on roots and stems collected from the same 
triticale and rye cultivars to test for the expression of two candidate genes that were 
detected in the genomic DNA screen.  The analysis did not detect any expression 
from R8 in the cDNA generated from the stems of two-week old triticale plants, 








the same rye tissue.  However, the expression of R29 was detected at very low levels 
in triticale and rye roots (Figure 5).  The other two silent genes that were detected in 
the genomic DNA of triticale, R41 and R43, that were expressed in rye anthers were 
not deleted in triticale anther were not testedby RT-PCR since isolating RNA from 
anther is technically demanding.  
What could be the mechanism behinds genetic alteration of allopolyploids? 
 The combination of diverged genomes in newly formed allopolyploids can 
result in dramatic changes in the genome structure and in the transcriptome.  These 
changes occur under extreme selection for the formation of stable fertile hybrids, and 
changes in genomes formed in allopolyploids likely increase fitness (reviewed in 
Feldman et al., 2012).  Both triticale and wheat have high degrees of plasticity due to 
their natural capabilities to overcome these dramatic changes (Ma et al., 2004; 
Feldman et al., 2009).  The structural genomic changes might play a vital role in 
chromosome pairing during meiosis for restoring the full fertility of the plant after the 
extreme genetic shock facing the new hybrid.  Although this process occurs naturally, 
genome changes do not appear to be random (Ozkan et al., 2001; Kashkush et al., 
2002).  In the current study, most of the rye silenced genes in triticale apparently have 
low sequence similarity to genes in the other genomes of triticale.  Of the ten rye 
genes that appeared to be silenced, six were found to be deleted from the rye genome 
in triticale.  It appears that there are molecular mechanisms for self-recognition and 
that dissimilar sequences are somehow eliminated from the rye genome in triticale.  
Though numerous deletions were detected in Triticum and triticale hybrids by AFLP 
analysis, this analysis did not differentiate between regions that had high or low 
sequence similarity between the two parental species, nor did the analysis distinguish 




Similarly, the analysis of newly formed triticale (Ma et al., 2004), allotetraploid wheat 





wheat (Feldman et al., 1997; Ozkan et al., 2001) by Restriction Fragment Length 
Polymorphism analysis revealed coding regions were  were deleted from the A, B, D 
or R genomes, but the probes cross hybridized to several genomes and would not 
detect sequences in one sub-genome that did not share high sequence similarity with 
another sub-genome.  The analysis of the well characterized hardness locus, (Ha) 
locus, gives insight into the susceptibility of particular regions of the genome for 
elimination.  The locus which regulates seed hardness in wheat, indicated that regions 
of the genome may be particularly liable to deletion (Chantretet al., 2005; Li et al., 
2008).  Though selection in agriculture is clearly a strong driving force for the 
preservation of deletions leading to hard seeds, a comparison of allotetraploid and 
allohexaploid wheat showed that the alleles arose several times independently.  What 
is particularly revealing is that the breakpoints for deletion were very similar, but not 
identical; such a pattern indicated a bias or targeting of this region for deletion, and 
the authors suggested that they may be related to transposon activation and 
illegitimate recombination (Chantretet al., 2005).  Although great efforts have been 
made to detect the genetic changes and epigenetic modifications subsequent to 
genome hybridization and doubling, understanding gene regulation mechanisms by 
merging two or more genomes was not an easy task for plant researchers.  These 
investigations have implicated mechanisms including intergenomic recombination 
(Gaeta and Pires, 2010), transposon activation (Zhao et al., 1998; Parisodet al., 2009) 
and double-strand break repair (Wicker et al., 2011).  Studies in yeast showed that the 
presence of unpaired regions of DNA within homologous sequences triggers 
mismatch repair proteins to correct sequence DNA differences (Kirkpatrick and Petes, 
1997; Kearney et al., 2001).  This repair system involves DNA strand invasion 




example of heterologous sequence elimination through deleting unpaired loops was 
based on pairing between homologous chromosomes.  The critical question here: 
Could this process occur between homeologs?  Though homeologous recombination 
is strongly suppressed in polyploid wheat by the Ph1 locus, an invasion of the A 
genome by sequences from the B genome was identified in the tetraploid wheat using 
genomic in situ hybridization (Belyayev et al., 2000; reviewed in Levy and Feldman, 
2002).  Comai (2000) reported that homeolog paring can lead to chromosomal 
deletion resulting in the breakdown in the post-replicative mismatch repair system.  
The excessive increase in the potential for mismatches from strand invasion between 
homeologous chromosomes could lead to saturation and disfunction of the mismatch 
repair proteins that normally have roles in blocking homeolog recombination.  The 
deleted genes detected in this analysis of high-throughput sequencing offer important 
candidate genes for further analysis.  The comparison of BAC clones for these genes 
from rye and triticale would be informative to deeply understand the nature and extent 
of these deletions, especially if they were relatively small and flanking regions could 
be identified in clones from both rye and triticale.  Further genomic studies in rye and 
triticale are necessary to detect the recombination motifs at the sites of deletion for 





4.5.   Methods 
Rye, triticale and wheat growth condition 
Seeds of rye (Secale cereale, cv. Muskateer and Prima), triticale, 2n=6x, 
AABBRR, (Triticosecale, cv. AC Certa and Pika), as well as T. aestivum  winter and 
spring Anza cultivars were germinated in 20 cm pots containing equal volumes of 
peat moss, vermiculite and black earth and, grown under 16 h light and 8h dark at 
22°C.  After fifteen days, the seedling shoots and the roots of the two cultivars of each 
species were collected individually, frozen immediately in liquid nitrogen, and stored 
at -80°C. 
Rye silent reference cDNA assemblies in triticale tissues 
 A rye gene reference set of 23,503 cDNA assemblies with a minimum length 
of 1000 nt were assembled from rye 454-cDNAs in the laboratory of Dr. André 
Laroche (Agriculture and Agri-Food Canada, Lethbridge) and was used to study their 
expression in triticale and rye tissue sets.  A total of 8,674,186 cDNAs, 6,674,733 
from triticale and 1,999,453 from rye derived from eleven triticale and rye tissue 
specific 454-cDNA libraries developed in the Canadian Triticale Biorefinery Initiative 
project of the Functional Genomics & Proteomics of Triticale, (Agriculture and Agri-
Food Canada, Lethbridge).  Three triticale and rye libraries were generated from stem, 
root and anther tissues; the other five triticale libraries were created from ovary, 
pollen, seedling, seed and stigma.  Quality control analyses of triticale and rye 454-
cDNAs were performed in two consecutive steps:  poor quality ends were removed by 
deleting continuous nucleotides with phred scores less than 15, then internal 
nucleotides with phred scores less than 20 were masked with N’s using the tools 
available by free browser-based access through Galaxy server from Penn. State 




obtained from each triticale and rye tissue were aligned to rye reference assemblies 
with the BWA-SW algorithm aligner (Li and Durbin, 2009) using the default 
parameters except, mismatching penalty was set at 10 and the z-best heuristics set to 
100.  The transcripts uniquely mapped to each rye reference sequence were selected 
and counted.  The expression of each rye contig in the reference assemblies was 
normalized based on the depth of each library and the length of each rye reference 
sequence using the reads per kilobase per million reads (RPKM) normalization 
method.  Initially, all rye contigs were compared to the triticale reads to detect rye 
genes that were not expressed in triticale.  For more detailed analysis, more highly 
expressed rye reference sequences with a minimum level of expression of at least ten 
transcripts in any rye library and suppressed in all triticale libraries were selected for 
further analysis. 
Identifying most similar Triticum and Aegilops sequences corresponding to rye 
silenced genes in triticale tissues 
 The genes inT. aestivum, fromthe A and B genomes, as well as in T. urartu and 
T. tauschii, A and D genomes, that were most similar to the rye silenced genes in 
triticale and a control set of 200 random rye reference sequences were identified in the 
IWGSC-WSS survey sequence repository 
(http://urgi.versailles.inra.fr/srs83/displayTool.do?toolName=BlastN), T. aestivaum 
GenBank EST database (Release, May 4, 2012), GenBank T. urartu and T. tauschii 
genome scaffolds (GB: AOTI00000000 and GB: AOCO010000000, respectively) 
through BLASTN search.  The most similar A, B and D gene copies in all the 
databases that have at least 100 nt alignment block overlaps were selected.  The 
percent identities between the most similar A, B and D hits to rye sequences were 




Gene ontologies for rye-specific silenced reference sequences 
 The selected set of genes that were highly expressed in rye and were not found 
to be expressed in the eight triticale tissues was further characterized by their 
ontologies.  They were compared to GenBank databases using the BLAST2GO 
workstation (Conesa et al., 2005).  Functional annotations were taken by sequence 
comparison to the GenBank non-redundant protein database using BLASTX with a 
threshold E-value of 1e
−10
.  
Screening for rye gene deletion 
 Ten silent rye genes were selected for further characterization in triticale.  Ten 
pairs of rye gene-specific primers (Additional File 2: Table S3) were employed to 
screen genomic DNA for deletions using genomic DNA from two triticale cultivars.  
Both rye and wheat cultivars were used as positive and negative controls for the 
presence of DNA sequences.  The genomic DNAs were extracted from one week old 
seedlings using a CTAB protocol (Doyleand Doyle, 1987).  PCR amplification using 
genomic DNA was performed with Taq polymerase under the following conditions:  
95°C for 4 min., followed by 40 cycles of 30 sec. at 94°C, 40 sec. at  a temperature 
between 45° and 60°C depending on the specific primers used, 1 min. at 72°C; these 
followed by 12 min. at 72°C.  
Rye-specific silenced reference validation using RT-PCR 
 To validate rye gene silencing from the rye sub-genome in triticale, RT-PCR 
was performed by amplifying a selected set of rye coding sequences based on the 
cDNAs.  Total RNA was extracted from the roots and shoots of seedlings of rye, 
triticale and wheat cultivars using TRIzol reagent (Invitrogen) according to 
manufacturer’s instructions, then the RT reaction was performed by Superscript™ 




mixtures; 5 µl 10X RT buffer, 10 µl 25 mM MgCl2, 2.5 µl0.1 M DTT, 1 µl RNAse 
inhibitor and 4 µl DEPC-treated water; were added to 1 µg RNA/ 50 µM oligo dT 
primer tubes, incubated at room temperature for 2 min.  One µl of enzyme 
SuperScript
TM
 II RT (50 units/µl) was added to each tube, mixed and incubated at 
room temperature for 10 min.  The reverse transcription was performed at 42
o
C for 50 
min. and terminated at 70
o
C for 15 min.  The same rye primers used for testing gene 
deletion were employed to validate the suppression of expression in triticale.  PCR 
reactions were carried out using rye, triticale and wheat first strand cDNAs.  PCR 
amplifications with Taq polymerase were performed under the following conditions:  
95°C for 2 min., followed by 35 cycles of 30 sec. at 94°C, 40 sec. at 50-60°C, 1 min. 
at 72°C; these were followed by 12 min. at 72°C (Different temperatures were used 
for the annealing step in different reactions, depending on the melting temperature of 
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Table S1. The percentage identity of rye silenced genes in triticale with their highest scoring hits in the A and B genomes ofT. aestivum 
IWGSC database as well as T. aestivum GenBank EST database and the most similar rye reference sequences similar to the T. aestivum 
GenBank ESTs that was the highest scoring hits by a rye gene silenced in allohexaploid triticale. 
 
Query Hit in Hit in Hit in Query Hit in 
  IWGSC  (A genome) IWGSC (B genome) TaEST database  Rye Reference sequences 
Rye 
ID 






















R37 ContigMNoTE9089 A 6005686 94 B 7004512 94 CD881662.1 97 CD881662.1 ContigMNoTE9089 97 
R42 ContigMNoTE7032 . . . B 10867584 89 CJ566861.1 95 CJ566861.1 ContigMNoTE7032 95 
R24 ContigMNoTE9632 . . . B 10627325 82 GH731363.1 94 GH731363.1 ContigMNoTE11695 98 
R54 mergeContigMNoTE8707 . . . . . . BI479046.1 94 BI479046.1 ContigMNoTE6027 96 
R68 NoContigMNoTE12664 A 3495600 89 . . . CJ548424.1 93 CJ548424.1 NoContigMNoTE 
12664 
93 
R13 mergeContigMNoTE6789 . . . . . . BE606866.1 93 BE606866.1 mergeContigMNoTE 
22075 
86 
R109 NoContigMNoTE22310 A 3408707 92 B 10623432 91 BU099470.1 92 BU099470.1 NoContigMNoTE 
22310 
92 
R47 ContigMNoTE20990 A 4557653 93 B 6740037 81 CJ812323.1 92 CJ812323.1 ContigMNoTE2139 94 
R7 ContigMNoTE27920 . . . B 6736309 77 CJ803068.1 91 CJ803068.1 ContigMNoTE5258 98 
R1 ContigMNoTE31637 . . . . . . CJ630249.1 90 CJ630249.1 ContigMNoTE31637 90 
R102 ContigMNoTE16232 . . . B 10661817 87 CJ824141.1 89 CJ824141.1 mergeContigMNoTE 
4290 
96 
R20 ContigMNoTE19873 . . . B 3478741 87 CJ582237.1 88 CJ582237.1 ContigMNoTE20140 88 
R70 ContigMM588 . . . B 3429689 84 BJ268895.1 87 BJ268895.1 ContigMM588 87 
R17 ContigMNoTE19203 . . . B 3000895 79 CA599987.1 86 CA599987.1 ContigMNoTE9977 86 
R79 ContigMNoTE19363 . . . B 1372344 84 CD891022.1 86 CD891022.1 ContigMNoTE1439 94 
R3 ContigMNoTE446 A 4447452 84 B 10457438 84 CJ711382.1 86 CJ711382.1 ContigMNoTE6952 95 
R52 ContigMM200 A 1507015 89 . . . BF484696.1 85 BF484696.1 ContigMNoTE12886 98 







             
             
Query Hit in Hit in Hit in Query Hit in 
  IWGSC  (A genome) IWGSC (B genome) TaEST database  Rye Reference sequences 
Rye 
ID 






















R106 ContigMNoTE18823 A 4180399 91 . . . CJ705476.1 84 CJ705476.1 ContigMNoTE413 96 
R103 ContigMNoTE17572 A 4180399 95 B 3144835 74 CJ705476.1 84 CJ705476.1 ContigMNoTE413 96 
R49 ContigMNoTE13263 A 2697716 76 B 10856664 74 BJ296610.1 84 BJ296610.1 ContigMNoTE19068 98 
R78 NoContigMNoTE12633 A 4288213 73 B 10562796 85 CJ843198.1 83 CJ843198.1 NoContigMNoTE 
12633 
83 
R32 ContigMNoTE16436 . . . B 2979005 75 CJ631389.1 81 CJ631389.1 ContigMNoTE16436 81 
R31 CL1250Contig1_TC369488 . . . . . . CJ826272.1 81 CJ826272.1 ContigMNoTE16178 95 
R67 ContigMNoTE18890 . . . B 901182 83 CJ826299.1 80 CJ826299.1 ContigMNoTE35223 94 
R19 ContigMNoTE3513 A 3975375 74 B 3429689 87 CN008026.1 80 CN008026.1 ContigMNoTE8854 89 
R30 ContigMNoTE14440 A 4481614 75 B 6684371 76 BJ278960.1 80 BJ278960.1 ContigMNoTE40574 83 
R8 ContigMNoTE1541 A 5806460 71 . . . CJ953498.1 77 CJ953498.1 mergeContigMNoTE 
15500 
92 







Table S2.  Rye silenced genes in triticale that did not have any similar match to 
GeneBank NR database based on BLAST2GO with minimum E-value of e-10. 
Rye ID Sequence Length  Tissues Reads RPKM
a
 
R61 1116 stem and anther 11 and 35 12.4 and 55.3  
R62 1765 Stem 56 40.1 
R63 1403 Stem 28 25.2 
R64 1340 Stem 25 23.6 
R65 1329 Stem 22 20.9 
R66 2574 Stem 42 20.6 
R67 1090 Stem 17 19.7 
R68 1449 Stem 22 19.2 
R69 2349 Stem 31 16.7 
R70 2069 Stem 26 15.9 
R71 1771 Stem 20 14.3 
R72 1370 Stem 15 13.8 
R73 1551 Stem 16 13.0 
R74 1004 Stem 10 12.6 
R75 1635 Stem 16 12.4 
R76 1350 Stem 13 12.2 
R77 1678 Stem 16 12.0 
R78 1452 Stem 13 11.3 
R79 1723 Stem 15 11.0 
R80 1171 Stem 10 10.8 
R81 1194 Stem 10 10.6 
R82 1480 Stem 12 10.2 
R83 1249 Stem 10 10.1 
R84 1517 Stem 12 10.0 
R85 1947 Stem 15 9.7 
R86 1473 Stem 11 9.4 
R87 1349 Stem 10 9.4 
R88 1445 Stem 10 8.7 
R89 1601 Stem 11 8.7 
R90 2045 Stem 12 7.4 
R91 1689 stem and root 10 and 18 7.5 and 57.9 
R92 3213 Anther 174 270.6 
R93 2723 Anther 165 266.3 
R94 2400 Anther 334 245.5 
R95 2104 Anther 106 164.4 
R96 1873 Anther 144 93.3 
R97 1817 Anther 66 75.5 
a








Rye ID Sequence Length  Tissues Reads RPKM
a
 
R98 1541 Anther 73 70.9 
R99 1532 Anther 36 54.9 
R100 1487 Anther 31 54.5 
R101 1333 Anther 60 50.3 
R102 1227 Anther 90 49.4 
R103 1157 Anther 30 48.9 
R104 1137 Anther 27 38.8 
R105 1134 Anther 36 33.9 
R106 1093 Anther 16 27.7 
R107 1083 anther 22 26.1 
R108 1078 anther 15 25.9 
R109 1043 anther 15 25.4 
R110 1022 anther 15 19.8 
R111 1017 anther 15 17.3 
R112 1004 anther 10 16.4 
a





Table S3.  Primers used to study the deletion of rye genes from rye genome in 
triticale. 
 
Rye ID Tissue Forward Primer Reverse Primer 
R8 stem 5′ AGAATGGATGCTCTTACTTGTCAACC 3′ 5′ TTACAAACCCAGAATTAATGTGATCTC 3′ 
R9 stem 5′ CTCATGTGATGTGGTGTCTGCCAACCA 
3′ 
5′ TAGTCTCCAAACGTCACTACCCACCCA 3′ 
R11 stem 5′ CAACATGGAAGATGCTGTGGACT 3′ 5′ TTGTTCGGTGCTTCGATCTTGTC 3′ 
R15 stem 5′ ATCACTGTCGAGCCGCCGGTAT 3′ 5′ TAGTACTCCTTAATTACTCTGAATCGTGGA 3′ 
R16 stem 5′ CGTACGCAACACAAAGCATATGAA 3′ 5′  GACTAGCTTGTCATGGTTCAAATCA 3′ 
R29 root 5′ TCCTATGTGCTGGCGGACGAG 3′ 5′ CGTCGGCACACGTAACACAGAAATTG 3′ 
R32 root 5′ CAGCAAGACCCTCAACGCGCT 3′ 5′ TGGGATGGATGAGTAGAGTAGGCAG 3′ 
R40 anther 5′ CGCGCTTGGTTATGCGACTT 3′ 5′ GGCCATATAACAAGTCTGCTTTAAGTTT 3′ 
R41 anther 5′ TTGGTTGGACACTGGCACACGAAGC 3′ 5′ GAGTACGTACAGGAGCATGTCAAGCCAA 3′ 
R43 anther 5′ CGGGACGGATGGCTCTGAATAT 3′ 5′ CGTTCATGAAGGAACTACGAACATGAT 3′ 
 
 
 
